
molecules

Article

Novel FXa Inhibitor Identification through Integration
of Ligand- and Structure-Based Approaches

Carlos F. Lagos 1,2 ID , Gerardine F. Segovia 3, Nicolás Nuñez-Navarro 3, Mario A. Faúndez 4 and
Flavia C. Zacconi 3,5,*

1 Department of Endocrinology, School of Medicine, Pontificia Universidad Católica de Chile, Lira 85,
Santiago 8330074, Chile; cflagos@uc.cl

2 Facultad de Ciencia, Universidad San Sebastián, Campus Los Leones, Lota 2465, Providencia,
Santiago 7510157, Chile

3 Departamento de Química Orgánica, Facultad de Química, Pontificia Universidad Católica de Chile,
Av. Vicuña Mackenna 4860, Macul, Santiago 7820436, Chile; gfsegovi@gmail.com (G.F.S.);
nrnunez@uc.cl (N.N.-N.)

4 Departamento de Farmacia, Facultad de Química, Pontificia Universidad Católica de Chile,
Av. Vicuña Mackenna 4860, Macul, Santiago 7820436, Chile; mfaundeza@uc.cl

5 Centro de Investigación en Nanotecnología y Materiales Avanzados, CIEN-UC, Pontificia Universidad
Católica de Chile, Av. Vicuña Mackenna 4860, Macul, Santiago 7820436, Chile

* Correspondence: fzacconi@uc.cl; Tel.: +56-2-2354-1150

Received: 28 August 2017; Accepted: 18 September 2017; Published: 22 September 2017

Abstract: Factor Xa (FXa), a vitamin K-dependent serine protease plays a pivotal role in the
coagulation cascade, one of the most interesting targets for the development of new anticoagulants.
In the present work, we performed a virtual screening campaign based on ligand-based shape and
electrostatic similarity search and protein-ligand docking to discover novel FXa-targeted scaffolds
for further development of inhibitors. From an initial set of 260,000 compounds from the NCI Open
database, 30 potential FXa inhibitors were identified and selected for in vitro biological evaluation.
Compound 5 (NSC635393, 4-(3-methyl-4H-1,4-benzothiazin-2-yl)-2,4-dioxo-N-phenylbutanamide)
displayed an IC50 value of 2.02 nM against human FXa. The identified compound may serve as
starting point for the development of novel FXa inhibitors.

Keywords: factor Xa; virtual screening; shape-based screening; protein-ligand docking; enzyme
inhibitors; blood coagulation cascade

1. Introduction

Anticoagulation therapy remains the cornerstone for the prevention and treatment of progressive
or recurrent thromboembolic disorders, which are among the major causes of morbidity and
mortality [1,2]. Anticoagulants are effective in the treatment of acute coronary syndrome, as well as
angina pectoris [3]. Prothrombinase complex is involved in the conversion of prothrombin (FII) into
thrombin (FIIa), the first step of the coagulation cascade. Thrombin is produced by activated factor
X (FXa) mediated cleavage of two sites on prothrombin, activity that is enhanced by FXa binding
to activated FV (FVa), thus creating the prothrombinase complex [4]. Furthermore, FXa lies at the
convergence of the extrinsic and intrinsic coagulation pathways and thereby regulates amplification of
the coagulation cascade, making this enzyme an attractive target for anticoagulant drug therapies [5].

In recent years, several direct FXa inhibitors have entered to the clinic, and others are in active
development (Figure 1). Although these new oral anticoagulants are more efficacious than warfarin
for the prevention of stroke and systemic embolism in patients with atrial fibrillation, the absence of a
reversal agent is a barrier to more widespread use of these agents [6–8]. As with all anticoagulants,
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a serious adverse event of concern with FXa inhibitors is the risk of major uncontrolled bleeding and
life-threatening bleeding events [9]. Additionally, recent studies have shown that Rivaroxaban and
Apixaban discontinuation could result in thromboembolic events and the use of Rivaroxaban associated
with warfarin increases the risk of major bleeding in non-valvular atrial fibrillation patients [10–12].
Therefore, the search for novel FXa inhibitor chemotypes with different properties is necessary.
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and FXa residues and structural waters are shown as green dotted lines. 

The crystal structure of the FXa-Apixaban complex shows the typical curved shape of FXa 
inhibitors (Figure 2B), wherein the aromatic 4-methoxyphenyl group binds towards the S1 subsite 
pocket defined by residues Trp215 (main-chain atoms) and Gly216 on one side and Ala190, Cys191, 

Figure 1. Currently approved and investigational FXa inhibitors.

FXa has two chains of amino acids linked by a disulfide bridge. The heavy chain consists of 303
amino acids and the light one of 139 amino acids. The catalytic triad is present in the heavy chain and
comprises residues Ser195, His57, and Asp102 (Figure 2A). The hydrogen bonding network between
Asp102, His57, and Ser195, named the charge relay system, activates Ser195 for nucleophilic attack [13].
The binding pockets in FXa follows the Schechter and Berger nomenclature [14].
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Figure 2. (A) Schematic representation of FXa protein structural domains showing the location of the
binding site and ions within the heavy chain (green cartoon) and the light chain (light blue cartoon);
(B) The X-ray crystal structure of Apixaban (yellow carbons) in complex with human FXa (PDBid 2P16).
Essential amino acids and binding pockets are indicated; hydrogen bonds between Apixaban and FXa
residues and structural waters are shown as green dotted lines.

The crystal structure of the FXa-Apixaban complex shows the typical curved shape of FXa
inhibitors (Figure 2B), wherein the aromatic 4-methoxyphenyl group binds towards the S1 subsite
pocket defined by residues Trp215 (main-chain atoms) and Gly216 on one side and Ala190, Cys191,
and Gln192 on the other side. The S1 pocket bottom is lined by Asp189 and the side chain of Tyr228.
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The S4 binding pocket is an aromatic box formed by the side chains of Tyr99, Phe174, and Trp215 (side
chain) where the phenylpiperidinone group accommodates. To date, more than 270 crystal structures
of FXa are available at the protein data bank [15,16], of which 150 have a co-crystallized small-molecule
ligands, thereby providing a rich source of structural information for the design of novel enzyme
inhibitors, including Apixaban and Rivaroxaban, encouraging us to perform a virtual screening (VS)
campaign for the discovery of novel FXa inhibitor chemotypes.

Virtual screening is a complementary approach to high-throughput screening (HTS), and has
been successfully adopted. This approach reduces the number of compounds that need to be
tested from large chemical libraries [17,18]. Virtual screening can be classified into two categories:
structure-based virtual screening and ligand-based virtual screening [17,19]. Considering the inherent
complementarities of structure-based virtual screening and ligand-based virtual screening, the
technique has been successfully employed for the discovery of novel FXa inhibitors [20–24].

In this work, we illustrate a report of a virtual screening workflow based on a combination of
ligand shape/electrostatic similarity screening techniques with docking to identify novel scaffolds as
potential FXa inhibitors and the corresponding in vitro biological assays of the selected molecules.

2. Results and Discussion

2.1. Protein-Ligand Complexes Selection and Ligand Clustering

As the first step of our approach, we searched the Protein Data Bank (PDB) for human
FXa available structures. This search rendered 270 FXa crystal structures, from which 144 have
co-crystallized ligands, including crystallization moieties and ions, and 127 of them were solved in
complex with small molecules FXa inhibitors. A substructure search using the phenyloxomorphonilo
or phenyloxopiperidine scaffolds present in Apixaban and Rivaroxaban as a query, renders a set of
20 FXa-ligand complexes, which was compiled and their structures retrieved from the PDB. We have
selected these fragments as starting point because along with the S1 site, S4 represents by far the most
important binding region for factor Xa inhibitors [25]. These groups have shown to be as the most
important group for potency in these two drugs that were the first approved FXa inhibitors [26,27].

Hits from the ligand substructure search were clustered using the FCFP_4 (functional-class
extended-connectivity fingerprint count up to diameter 4) set renders three major clusters (Figure 3)
according to the Tanimoto distance, defined as 1 − (NA&B/NA + NB − NA&B), wherein NA represents
the number of “on” features (bits) in structure A. NB represents the number of “on” features (bits) in
structure B. NA&B represents the number of “on” features (bits) common to both fingerprints A and B.
The hashed binary chemical fingerprint of a molecule is a bit string (a sequence of “0” and “1” digits)
that contains information on the structure. FCFPs represent circular atom neighborhoods and produce
fingerprints of variable length, which are further abstracted in that instead of indexing a particular
atom in the environment, they index that atom’s role [28,29].

Proteins for each cluster were edited, and only one monomer was used if multiple chains were
available for the coordinates, the valence checked, and atom-type assigned using the CHARMM22
force-field (Accelrys Discovery Studio v2.1, Accelrys Inc., San Diego, CA, USA). All structures within
each cluster were structurally aligned against the protein corresponding to the cluster center and the
root-mean square deviation (RMSD) for the α-carbon for all residues and residues within 6 Å from the
measured center of mass of all co-crystallized ligands are shown in Table 1.

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-ligand
structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å from the
center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within clusters,
proteins have no significant conformational differences in the binding sites in comparison with the
reference structure.
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Resolution
(Å) Ligand Structure RMSD Cluster

Center (Å)
RMSD Binding

Site (6 Å) a Cluster ID Tanimoto
Distance b

2VWN [30] 1.61
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Table 1. Cont.

PDB ID
(Reference)

Resolution
(Å) Ligand Structure RMSD Cluster

Center (Å)
RMSD Binding

Site (6 Å) a Cluster ID Tanimoto
Distance b

2VWM [30] 1.96
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Table 1. Cont.

PDB ID
(Reference)

Resolution
(Å) Ligand Structure RMSD Cluster

Center (Å)
RMSD Binding

Site (6 Å) a Cluster ID Tanimoto
Distance b

4BTI [33] 2.30

Molecules 2017, 22, 1588  6 of 17 

 

2PHB [26] 2.30 

 

0.416 0.956 II 0.365 

2XBV [31] 1.66 

 

0.193 0.417 II 0.378 

2W3K [32] 2.05 

 

0.377 1.019 II 0.411 

4BTI [33] 2.30 

 

----- ----- III 0.000 

4BTU [33] 2.37 

 

0.440 0.605 III 0.426 

4BTT [33] 2.59 

 

0.530 0.479 III 0.582 

2W26 
Rivaroxaban 

[27] 
2.08 

 

0.276 0.774 III 0.618 

2P16 
Apixaban [34] 

2.30 

 

0.290 0.928 III 0.689 

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient. 

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-
ligand structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å 
from the center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within 
clusters, proteins have no significant conformational differences in the binding sites in comparison 
with the reference structure. 

2.2. Virtual Screening and Compound Selection 

—– —– III 0.000

4BTU [33] 2.37

Molecules 2017, 22, 1588  6 of 17 

 

2PHB [26] 2.30 

 

0.416 0.956 II 0.365 

2XBV [31] 1.66 

 

0.193 0.417 II 0.378 

2W3K [32] 2.05 

 

0.377 1.019 II 0.411 

4BTI [33] 2.30 

 

----- ----- III 0.000 

4BTU [33] 2.37 

 

0.440 0.605 III 0.426 

4BTT [33] 2.59 

 

0.530 0.479 III 0.582 

2W26 
Rivaroxaban 

[27] 
2.08 

 

0.276 0.774 III 0.618 

2P16 
Apixaban [34] 

2.30 

 

0.290 0.928 III 0.689 

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient. 

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-
ligand structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å 
from the center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within 
clusters, proteins have no significant conformational differences in the binding sites in comparison 
with the reference structure. 

2.2. Virtual Screening and Compound Selection 

0.440 0.605 III 0.426

4BTT [33] 2.59

Molecules 2017, 22, 1588  6 of 17 

 

2PHB [26] 2.30 

 

0.416 0.956 II 0.365 

2XBV [31] 1.66 

 

0.193 0.417 II 0.378 

2W3K [32] 2.05 

 

0.377 1.019 II 0.411 

4BTI [33] 2.30 

 

----- ----- III 0.000 

4BTU [33] 2.37 

 

0.440 0.605 III 0.426 

4BTT [33] 2.59 

 

0.530 0.479 III 0.582 

2W26 
Rivaroxaban 

[27] 
2.08 

 

0.276 0.774 III 0.618 

2P16 
Apixaban [34] 

2.30 

 

0.290 0.928 III 0.689 

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient. 

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-
ligand structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å 
from the center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within 
clusters, proteins have no significant conformational differences in the binding sites in comparison 
with the reference structure. 

2.2. Virtual Screening and Compound Selection 

0.530 0.479 III 0.582

2W26 Rivaroxaban
[27] 2.08

Molecules 2017, 22, 1588  6 of 17 

 

2PHB [26] 2.30 

 

0.416 0.956 II 0.365 

2XBV [31] 1.66 

 

0.193 0.417 II 0.378 

2W3K [32] 2.05 

 

0.377 1.019 II 0.411 

4BTI [33] 2.30 

 

----- ----- III 0.000 

4BTU [33] 2.37 

 

0.440 0.605 III 0.426 

4BTT [33] 2.59 

 

0.530 0.479 III 0.582 

2W26 
Rivaroxaban 

[27] 
2.08 

 

0.276 0.774 III 0.618 

2P16 
Apixaban [34] 

2.30 

 

0.290 0.928 III 0.689 

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient. 

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-
ligand structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å 
from the center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within 
clusters, proteins have no significant conformational differences in the binding sites in comparison 
with the reference structure. 

2.2. Virtual Screening and Compound Selection 

0.276 0.774 III 0.618

2P16 Apixaban [34] 2.30

Molecules 2017, 22, 1588  6 of 17 

 

2PHB [26] 2.30 

 

0.416 0.956 II 0.365 

2XBV [31] 1.66 

 

0.193 0.417 II 0.378 

2W3K [32] 2.05 

 

0.377 1.019 II 0.411 

4BTI [33] 2.30 

 

----- ----- III 0.000 

4BTU [33] 2.37 

 

0.440 0.605 III 0.426 

4BTT [33] 2.59 

 

0.530 0.479 III 0.582 

2W26 
Rivaroxaban 

[27] 
2.08 

 

0.276 0.774 III 0.618 

2P16 
Apixaban [34] 

2.30 

 

0.290 0.928 III 0.689 

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient. 

The alpha-carbon root-mean square deviation (Cα-RMSD) against the low-resolution FXa-
ligand structure on each cluster ranged from 0.120 to 0.530 Å, while the all-atom RMSD within 6 Å 
from the center of mass of all aligned ligands ranged from 0.269 to 1.019 Å, indicating that, within 
clusters, proteins have no significant conformational differences in the binding sites in comparison 
with the reference structure. 

2.2. Virtual Screening and Compound Selection 

0.290 0.928 III 0.689

a All atoms within 6 Å from the center of mass of ligand alignment, b 1-Tanimoto Coefficient.

2.2. Virtual Screening and Compound Selection

The virtual screening workflow used consisted in: (a) filtering the library using the shape- and
electrostatic-based queries derived from each cluster, and (b) screening the hits using docking and
consensus scoring to select the compounds for biological assays (Figure 4).

The molecular probes are regular molecules, but have been chosen to represent common shapes
of drug-like molecules. The release 3 (September 2003) version of the OpenNCI database containing
260,071 structures in SDF format was retrieved from NCI/CAAD group website [35]. The library
was standardized and filtered by ADME/Tox constraints rendering a database of 195,242 compounds.
Multiple conformations for each compound in the database were generated using OMEGA v2.5.1.4
(OpenEye Scientific Software, Santa Fe, NM, USA) using the default parameters [36,37].

Shape and Electrostatic-Based Queries Development and Validation

Rapid Overlay of Chemical Structures (ROCS) is a highly efficient shape comparison application
which is based on the principle that molecules will form similar shapes if their volumes overlay
well [38,39]. After protein structure superposition, the ligand clustering procedure identified three
main clusters according to the FCFP_4 fingerprints, and ligands within each cluster were very similar,
as estimated by the Tanimoto coefficients (Table 1). The 3D alignment of the ligands for each cluster
was used to generate the shape-based queries, which were validated using a library of decoys, and
the ligand corresponding to cluster center was selected for generating the electrostatic grids query for
each cluster (Figure 5).
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passed each step and the programs used are shown. From an initial set of near 260,000 compounds,
300 compounds were identified as putative FXa inhibitors by the virtual screening workflow. Thirty of
these compounds were selected for in vitro testing.
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Figure 5. Schematic overview of ROCS shape-based queries and electrostatic grids based on the center
ligand corresponding to each cluster.

The enrichment curve plots the number of active compounds recovered versus the proportion of
the database screened. The AUC (area under the curve of the ROC plot) is defined as the probability that
a randomly-chosen active compound has a higher score than a randomly-chosen inactive compound.
As shown in Figure 6, the AUC of the probability obtained for the hypotheses from cluster 2 is higher
than 99% at ±95% confidence (Figure 6A,B), suggesting the shape query hypothesis can be considered
highly selective when using the actives that correspond to each cluster.
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statistics using the active ligands of cluster 2 or the FXa actives from the DUD-E database.
(C) Superposition of Rivaroxaban over the cluster 2 shape-based query, and (D) Comparison of
crystallographic position of Rivaroxaban (PDB id 2W26) with the position obtained for compound 5
with ROCS and FRED runs.

However, when using a more diverse collection of FXa inhibitors from the extended database
of useful decoys (DUD), the AUC probability falls near 70%. A similar trend is observed for clusters
1 and 3, displaying AUCs of 0.74 and 0.79, respectively (see Supplementary Figure S1 for ROC plot
and statistics). Cluster 3 has the highest AUC, suggesting it is the most selective query over the entire
database search. Although most actives rank higher than most of the decoy molecules, the hypotheses
are considered mildly selective, and only 5% of the top scoring solutions per cluster were retrieved
(1000 each).

After the generation of the shape/electrostatics-based queries, the virtual screening protocol
was applied to the National Cancer Institute (NCI) Developmental Therapeutics Program (DTP)
database. The shape similarity between the screened compounds and each cluster was evaluated
by the Tanimoto_Combo score method, which consists of the Tanimoto coefficient and the score
retrieved from the ROCS color force field, which represents the structural complementarity between the
template and the screened molecules. Briefly, the ROCS color force field describes one molecule by the
spatial arrangement of six types of chemical features such as: hydrogen-bond donors, hydrogen-bond
acceptors, hydrophobic, anions, cations, and rings. The Tanimoto_Combo score ranges from 0 to 2, the
higher the score, the more similar a given compound is to the query. Next, EON was used to calculate
the electrostatic similarity between the ROCS overlay hits and the query in the form of an Electrostatic
Tanimoto (ET) score. The ET_Combo Score that takes into account both shape match and ET match,
which was used for the selection of the molecules for docking ranges from 0 to 2. Ten percent of the
scoring solutions per cluster were retrieved in this step.

Docking of multiple molecular probes into the active site creates the shape potential, from which
the inner and outer contours are generated [40]. Virtual screening of the generated NCI conformer
database was performed using the FRED v3.2.0.2 program (OpenEye Scientific Software, Santa Fe, NM,
USA) using the ChemGauss3 scoring function [41,42]. Although docking retains important liabilities
(it cannot calculate affinities accurately nor even reliably rank order high-scoring molecules), it can
often distinguish likely from unlikely ligands, often with hit rates above 10% [43].
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The top binding mode for the best 1000 scoring compounds on each protein binding site were
selected according to a consensus score using the ChemGauss3, OEChemScore, and PLP scoring
functions [44]. The corresponding shape-based hypothesis previously developed for each cluster
was included as a filter during the docking procedure [42]. The top 100 scoring compounds on each
docking run were visually analyzed. An overlap analysis of obtained solutions using the Tanimoto
similarity metric was performed with InstantJChem v5.9 (ChemAxon Inc., Budapest, Hungary) to
select 30 compounds that after evaluating their availability were requested and obtained from to the
Developmental Therapeutic Program at NCI-NIH (DTP/NIH) [45].

2.3. Biological Evaluation of FXa Inhibition

All compounds were evaluated in vitro for their FXa enzyme inhibitory activity using Rivaroxaban
as the positive control. Table 2 summarizes the FXa inhibitory activity for selected compounds and
the identified hit compound 5 (NSC635393). The molecular structures, National Service Center codes
(NSC), FRED docking scores, and estimated binding free energies of the selected binding modes for
each compound are given in Table S1—Supporting Information.

The assay showed that several of the novel compounds exhibited inhibitory activity against FXa
at 10 µM, but only compound 5 displayed FXa inhibition higher than 50% at 1 µM. The maximal effect
of FXa inhibition for compound 5 was 58% at 10 nM, while the maximal effect for Rivaroxaban was
81% at 10 nM. It is noteworthy that compound 5 (NSC635393), has the best ROCS ranking score of the
shape-based hypothesis for its cluster.

Figure 7 shows a comparison between the predicted bound form of compound 5 (NSC635393)
and Rivaroxaban. Both molecules adopted a rather similar binding mode in which the phenyl
group was found to be oriented toward the S1 subsite as the 5-chlorothiophenyl-carbonyl group
of Rivaroxaban, while the amide group forms hydrogen bonds with atoms in the main carboxyl
group chain of Gly219 and NH group of Gly216. The dioxo group of 5 (NSC635393) forms a strong
hydrogen bond with the oxygen atom of the carbonyl group belonging to Gly216 at the S2–S3 subsites.
The 3-methyl-benzothiazine moiety is oriented to the S4 subsite flanked by the three following aromatic
residues: Phe74, Tyr99, and Trp215. Dose response curves indicate an IC50 value of 2.02 nM for
compound 5 (NSC635393) and 1.29 nM for Rivaroxaban.
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Table 2. Summary of biological activity, docking scores, binding energy estimation, and shape/electrostatic similarity scores for selected compounds used in this
study. (See Table S1 for full list).

Number Cluster NSC Code
FXa Activity

Inhibition >50%
at 10 µM

FXa Activity
Inhibition >50%

at 1 µM

ChemGauss4
Score

∆G Ludi3
(kcal/mol)

Consensus
Score

EON ET
Combo EON Rank

ROCS
Tanimoto

Combo

ROCS
Rank

2 3 647716 (+) (−) −11.325 −11.06 10 0.733 34 0.541 202
3 2 635553 (+) (−) −10.852 −12.26 10 0.919 234 0.541 202
5 2 635393 (+) (+) −10.487 −11.25 9 1.095 27 0.632 6
7 1 141296 (+) (−) −10.025 −9.42 7 1.274 34 0.686 117
9 1 634395 (+) (−) −9.972 −10.12 9 1.164 78 0.593 1187

10 1 351149 (+) (−) −9.830 −10.65 7 1.289 29 0.630 500
12 3 371867 (+) (−) −9.594 −12.49 6 0.700 72 0.463 2404
9 2 635550 (+) (−) −8.880 −12.41 7 0.895 284 0.567 76

22 2 634416 (+) (−) −8.737 −9.63 7 1.026 77 0.485 1180
23 2 635142 (+) (−) −8.729 −9.87 8 0.989 112 0.481 1329
24 2 646798 (+) (−) −7.480 −12.00 7 0.910 250 0.504 617
- - Rivaroxaban (+) (+) −13.715 −13.21 10 1.552 1 0.768 7
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In vitro anticoagulation efficacy of compound 5 (NSC635393) and Rivaroxaban was evaluated
by activated partial thromboplastin time (aPTT) and prothrombin time (PT) using human plasma
(Figure 8A).
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As shown in Figure 8, compound 5 (NSC635393) prolonged only aPTT without effect on PT up to
10 nM, while Rivaroxaban simultaneously prolonged aPTT and PT in a dose-dependent manner.

Since the predicted unbound fraction in human plasma of compound 5 (NSC635393, 6%) was
higher than that of compound 5 enol tautomer (1%), it is plausible that PT results are consistent with
the free drug hypothesis or, alternatively, that compound 5 (NSC635393) may target other coagulation
factors, which selectively block the intrinsic pathway at the assayed dose levels.

A structure search on the ChEMBL database [46,47] indicate that compound 5 (NSC635393) has
been assayed 53 times in tumor cell line growth inhibition assays, and found to be inactive in all of
them. Structural alerts suggest a potential pan-assay interference compounds (PAINS) fragment [48,49],
in particular a hetero thioketone moiety present in compound 5. However, compound 5 did not present
a fluorescence quench at the assayed wavelength. On the other hand, detailed analysis of PAINS
alerts suggested that researchers should be cautioned about using the current PAINS alerts as reliable
indicators of nonspecific pan-assay interference [50].

3. Materials and Methods

3.1. FXa-Ligand Structure Retrieval and Standardization

Reference sequence for human FXa was obtained from Uniprot database (entry code P00742).
The protein databank PDB advanced search tool was used to BLAST the sequence and identify all
available human FXa crystal structures. All small co-crystallized ligands were retrieved in SMILES
format for the substructure search, and as a pdb file for further clustering by chemical similarity
according to the Tanimoto distance by using the FCFP_4 (functional-class extended-connectivity
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fingerprint count up to diameter 4) fingerprint descriptors set available within Discovery Studio v2.1
suite (Accelrys Inc., San Diego, CA, USA).

Protein preparation, editing, atom typing, and structural alignment were performed using
Accelrys Discovery Studio v2.1 (Accelrys Inc., San Diego, CA, USA). Co-crystallized ligands plus
crystallographic waters found within 4 Å from the center of mass of the ligand structure were retained.
Visual inspection and manual modification of ligand structures valences were performed to ensure a
proper state in the protein, and the 20 crystal structures of the selected human FXa-ligand complexes
structures were aligned. After superimposition, the Cα-RMSD against the lower resolution structure
was calculated. Additionally, an all atom RMSD calculation, including only residues within 6 Å from
the center of mass of all crystallized ligands, was also performed. All FXa-ligand complexes atoms
were typed with the CHARMM force field for further docking experiments [51].

3.2. Shape-Based Query Generation, Validation, and Screening with Electrostatic Similarity Filtering

First, the 3D alignment of the ligands was used to generate shape-based queries with vROCS
v3.2 (OpenEye Scientific Software, Santa Fe, NM, USA). The queries were validated using the active
compounds from each cluster and also using the FXa inhibitors dataset from the extended database
of useful decoys (DUD-E) database [52], that contains 792 actives and 24,017 decoys molecules.
The NCI database was retrieved from the DTP website, filtered for counter ions and known toxic
moieties and standardized by using the InstantJChem v5.9 (ChemAxon Inc., Budapest, Hungary)
and a multiple conformer database was generated by OMEGA v2.5.1.4 (OpenEye Scientific Software,
Santa Fe, NM, USA) Shape-based screening was performed by using ROCS v3.2 and a secondary
electrostatic similarity search was performed by using EON v2.2.0.5 (OpenEye Scientific Software,
Santa Fe, NM, USA).

3.3. Docking of Primary Shape/Electrostatic-Based Hits

Receptor binding sites were prepared with Make_Receptor GUI and docking calculations were
performed by using FRED v3.2.0.2 (OpenEye Scientific Software, Santa Fe, NM, USA). The AM1BCC
charges for ligands and AmberFF99sb for proteins were assigned by using QUACPAC v1.6.3.1
(OpenEye Scientific Software, Santa Fe, NM, USA). FRED docks multiconformer molecules into a single
receptor by using an exhaustive search that systematically searches rotations and translations of each
conformer of the ligand within the active site [38,40]. The Chemgauss3 scoring function entails these
interactions: steric, hydrogen bond, metal–ligand, ligand, and protein desolvation. Each interaction
was described by a base function that was smoothed by convolution with a Gaussian function [48].
The surviving poses were scored with a scoring function (default = Chemgauss3), and the top 100
(default) poses were passed to optimization. In optimization, a systematic solid body optimization
was done by rigidly rotating and translating the poses at half the step size used in exhaustive docking.
Chemgauss3 (default) was used in this step to score the poses during optimization. The poses then go to
the consensus structure, in which the poses with the top consensus scores (default = PLP, Chemgauss3,
and OEChemscore) were retained, and all other poses were discarded. For the final selection, we used
the Chemgauss4 score, a modification of the Chemgauss3 scoring function with improved hydrogen
bonding and metal chelator terms. Finally, the top ranked binding modes for each compound were
minimized by using the CHARMM22 force field in Discovery Studio v2.1 (Accelrys Inc., San Diego,
CA, USA). The minimization protocol allowed the side chains of residue located within 6 Å from the
mass centroid of all docked ligands, by using the conjugate gradient algorithm until convergence
criteria of 0.001 kcal/mol/Å for the RMS of the energy gradient. Table 2 summarizes the energy
evaluation performed for each obtained complex by using the PLP, LigScore, PMF, and LUDI scoring
functions, and the consensus scoring available with Discovery Studio v2.1 (Accelrys Inc., San Diego,
CA, USA).
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3.4. Inhibition of FXa In Vitro

The selected compounds were measured in vitro for their factor Xa inhibition using chromogenic
substrates. In a first trial the 30 compounds obtained from the developmental therapeutic program
at NCI were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mM and then diluted
in DMSO to 100 µM. The enzymatic assay was prepared according to manufacturer’s instructions
(SensoLyte® Rh110 Factor Xa Assay Kit *Fluorometric*, Anaspec, Fremont, CA, USA). Inhibition
control 1 mM was diluted 1:10 with the prepared buffer 1X obtaining the 0.1 mM inhibition control.
The reagents containing compound dilutions, buffer and enzyme were mixed, centrifuged, and
incubated for 30 min at 37 ◦C in 96-well microtiter plates. The enzyme reaction was initiated by adding
appropriate substrate (FXa, S-2222). The 96-well plate for fluorescence was prepared with 40 µL of
enzyme and 1 µL of each compound. To initiate the enzymatic reaction 50 µL of the factor Xa substrate
was added to each well and the plate was read with a fluorescence microplate reader FLx800 (Biotek
Inc., Winooski, VT, USA) programmed to read continuously for 30 min at 37 ◦C, at a wavelength of
Ex/Em 490 nm/520 nm. The plate was observed to discard the insoluble compounds and then analyze
the inhibition effect of the soluble compounds only. The data obtained was analyzed with Prism v.7
(GraphPad Inc., La Jolla, CA, USA). In the second trial, the ten filtered and selected compounds) were
prepared to span four different concentrations: 0.1–10 nM. The IC50 was calculated from the mean of
triplicates from a dilution series of the compound with Prism v.7 (GraphPad Inc., La Jolla, CA, USA).

3.5. In Vitro Coagulation Assays

PT and aPTT assays were performed on an ACLTop (Instrumentation Laboratory) coagulation
instrument. Recombiplastin 2G and aPTT-SP liquid were used according to standard procedures.
Increasing concentrations of inhibitor ranging from 0.1 to 10 nM or solvent were added to human
plasma and incubated for 10 min at 37 ◦C. Clotting times were measured and compared with those
from the appropriate control plasma.

4. Conclusions

We have successfully identified a novel FXa inhibitor compound 5 (NSC635393) (4-(3-methyl-4H-
1,4-benzothiazin-2-yl)-2,4-dioxo-N-phenylbutanamide), which shows in vitro activity in the nanomolar
range by means of a combined ligand- and structure-based virtual screening approach. In vitro
coagulation assays suggest that keto-enol tautomerization of compound 5 (NSC635393) increases
protein plasma binding and may reduce FXa inhibition under assay conditions.

Supplementary Materials: The Supplementary Materials are available online.

Acknowledgments: This work was financially supported by FONDECYT INICIACION grant No. 11130595 to
Flavia C. Zacconi. Carlos F. Lagos and Flavia C. Zacconi thank OpenEye Scientific Software and ChemAxon
for academic licenses of their software. Gerardine F. Segovia thanks Beca del Colegio de Programas Doctorales
VRI-PUC. The authors wish to thank the Developmental Therapeutics Program (DTP) at the National Cancer
Institute (NCI) for providing the compounds used in the research. Flavia C. Zacconi wishes to thank Mezzano
and BQ Olga Panes from Departamento de Hematología-Oncología (Facultad de Medicina, Pontificia Universidad
Católica de Chile) for their helpful suggestions and fruitful discussions.

Author Contributions: F.C.Z. conceived and designed the research; C.F.L. designed and performed the molecular
modeling and simulations; G.F.S. and N.N.-N. performed the enzyme inhibition assay and collected data; C.F.L.,
M.A.F., and F.C.Z. analyzed data; and C.F.L. and F.C.Z. wrote the paper. All authors approved the final version of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2017, 22, 1588 14 of 16

References

1. Mani, H.; Lindhoff-Last, E. New oral anticoagulants in patients with nonvalvular atrial fibrillation: A review
of pharmacokinetics, safety, efficacy, quality of life, and cost effectiveness. Drug Des. Dev. Ther. 2014, 8,
789–798. [CrossRef] [PubMed]

2. World Health Organization (WHO). Global Status Report on Noncommunicable Diseases; WHO Publishing:
Geneva, Switzerland, 2014.

3. Lee, Y.K.; Player, M.R. Developments in factor Xa inhibitors for the treatment of thromboembolic disorders.
Med. Res. Rev. 2011, 31, 202–283. [CrossRef] [PubMed]

4. Alquwaizani, M.; Buckley, L.; Adams, C.; Fanikos, J. Anticoagulants: A Review of the Pharmacology, Dosing,
and Complications. Curr. Emerg. Hosp. Med. Rep. 2013, 1, 83–97. [CrossRef] [PubMed]

5. De Candia, M.; Lopopolo, G.; Altomare, C. Novel factor Xa inhibitors: A patent review. Expert Opin. Ther. Pat.
2009, 19, 1535–1580. [CrossRef] [PubMed]

6. Ansell, J.E. Reversing the Effect of Oral Anticoagulant Drugs: Established and Newer Options. Am. J.
Cardiovasc. Drugs 2016, 16, 1–8. [CrossRef] [PubMed]

7. Ghadimi, K.; Dombrowski, K.E.; Levy, J.H.; Welsby, I.J. Andexanet alfa for the reversal of Factor Xa inhibitor
related anticoagulation. Expert Rev. Hematol. 2016, 9, 115–122. [CrossRef] [PubMed]

8. Mavrakanas, T.; Bounameaux, H. The potential role of new oral anticoagulants in the prevention and
treatment of thromboembolism. Pharmacol. Ther. 2011, 130, 46–58. [CrossRef] [PubMed]

9. Quan, M.L.; Glunz, P.W.; Smallheer, J.M. Advances in Anticoagulants A2—Chackalamannil, Samuel. In
Comprehensive Medicinal Chemistry III; Rotella, D., Ward, S.E., Eds.; Elsevier: Oxford, UK, 2017; pp. 600–627.

10. Acanfora, D.; Acanfora, C.; Scicchitano, P.; Longobardi, M.; Furgi, G.; Casucci, G.; Lanzillo, B.; Dentamaro, I.;
Zito, A.; Incalzi, R.A.; et al. Safety and Feasibility of Treatment with Rivaroxaban for Non-Canonical
Indications: A Case Series Analysis. Clin. Drug Investig. 2016, 36, 857–862. [CrossRef] [PubMed]

11. Lip, G.Y.H.; Pan, X.; Kamble, S.; Kawabata, H.; Mardekian, J.; Masseria, C.; Bruno, A.; Phatak, H.
Major bleeding risk among non-valvular atrial fibrillation patients initiated on apixaban, dabigatran,
rivaroxaban or warfarin: A “real-world” observational study in the United States. Int. J. Clin. Pract.
2016, 70, 752–763. [CrossRef] [PubMed]

12. Vene, N.; Mavri, A.; Gubenšek, M.; Tratar, G.; Vižintin Cuderman, T.; Pohar Perme, M.; Blinc, A. Risk of
Thromboembolic Events in Patients with Non-Valvular Atrial Fibrillation After Dabigatran or Rivaroxaban
Discontinuation—Data from the Ljubljana Registry. PLoS ONE 2016, 11, e0156943. [CrossRef] [PubMed]

13. Hedstrom, L. Serine Protease Mechanism and Specificity. Chem. Rev. 2002, 102, 4501–4524. [CrossRef]
[PubMed]

14. Schechter, I.; Berger, A. On the size of the active site in proteases. I. Papain. Biochem. Biophys. Res. Commun.
1967, 27, 157–162. [CrossRef]

15. The Protein Databank. Available online: http://www.rcsb.org/pdb (accessed on 28 August 2017).
16. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E.

The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef] [PubMed]
17. Forli, S. Charting a Path to Success in Virtual Screening. Molecules 2015, 20, 18732–18758. [CrossRef]

[PubMed]
18. Shoichet, B.K. Virtual screening of chemical libraries. Nature 2004, 432, 862–865. [CrossRef] [PubMed]
19. Lavecchia, A.; Di Giovanni, C. Virtual screening strategies in drug discovery: A critical review.

Curr. Med. Chem. 2013, 20, 2839–2860. [CrossRef] [PubMed]
20. Krovat, E.M.; Fruhwirth, K.H.; Langer, T. Pharmacophore identification, in silico screening, and virtual

library design for inhibitors of the human factor Xa. J. Chem. Inf. Model. 2005, 45, 146–159. [CrossRef]
[PubMed]

21. Markt, P.; Petersen, R.K.; Flindt, E.N.; Kristiansen, K.; Kirchmair, J.; Spitzer, G.; Distinto, S.; Schuster, D.;
Wolber, G.; Laggner, C.; et al. Discovery of Novel PPAR Ligands by a Virtual Screening Approach Based
on Pharmacophore Modeling, 3D Shape, and Electrostatic Similarity Screening. J. Med. Chem. 2008, 51,
6303–6317. [CrossRef] [PubMed]

22. Muchmore, S.W.; Souers, A.J.; Akritopoulou-Zanze, I. The Use of Three-Dimensional Shape and Electrostatic
Similarity Searching in the Identification of a Melanin-Concentrating Hormone Receptor 1 Antagonist.
Chem. Biol. Drug Des. 2006, 67, 174–176. [CrossRef] [PubMed]

http://dx.doi.org/10.2147/DDDT.S45644
http://www.ncbi.nlm.nih.gov/pubmed/24970997
http://dx.doi.org/10.1002/med.20183
http://www.ncbi.nlm.nih.gov/pubmed/19967784
http://dx.doi.org/10.1007/s40138-013-0014-6
http://www.ncbi.nlm.nih.gov/pubmed/23687625
http://dx.doi.org/10.1517/13543770903270532
http://www.ncbi.nlm.nih.gov/pubmed/19743898
http://dx.doi.org/10.1007/s40256-016-0162-7
http://www.ncbi.nlm.nih.gov/pubmed/26872887
http://dx.doi.org/10.1586/17474086.2016.1135046
http://www.ncbi.nlm.nih.gov/pubmed/26686866
http://dx.doi.org/10.1016/j.pharmthera.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21185864
http://dx.doi.org/10.1007/s40261-016-0436-5
http://www.ncbi.nlm.nih.gov/pubmed/27401780
http://dx.doi.org/10.1111/ijcp.12863
http://www.ncbi.nlm.nih.gov/pubmed/27550177
http://dx.doi.org/10.1371/journal.pone.0156943
http://www.ncbi.nlm.nih.gov/pubmed/27280704
http://dx.doi.org/10.1021/cr000033x
http://www.ncbi.nlm.nih.gov/pubmed/12475199
http://dx.doi.org/10.1016/S0006-291X(67)80055-X
http://www.rcsb.org/pdb
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://dx.doi.org/10.3390/molecules201018732
http://www.ncbi.nlm.nih.gov/pubmed/26501243
http://dx.doi.org/10.1038/nature03197
http://www.ncbi.nlm.nih.gov/pubmed/15602552
http://dx.doi.org/10.2174/09298673113209990001
http://www.ncbi.nlm.nih.gov/pubmed/23651302
http://dx.doi.org/10.1021/ci049778k
http://www.ncbi.nlm.nih.gov/pubmed/15667140
http://dx.doi.org/10.1021/jm800128k
http://www.ncbi.nlm.nih.gov/pubmed/18821746
http://dx.doi.org/10.1111/j.1747-0285.2006.00341.x
http://www.ncbi.nlm.nih.gov/pubmed/16492165


Molecules 2017, 22, 1588 15 of 16

23. Murcia, M.; Ortiz, A.R. Virtual screening with flexible docking and COMBINE-based models. Application to
a series of factor Xa inhibitors. J. Med. Chem. 2004, 47, 805–820. [CrossRef] [PubMed]

24. Svensson, F.; Karlén, A.; Sköld, C. Virtual Screening Data Fusion Using Both Structure- and Ligand-Based
Methods. J. Chem. Inf. Model. 2012, 52, 225–232. [CrossRef] [PubMed]

25. Rao, P.S.S.; Burkart, T. Advances in oral anticoagulation therapy—What’s in the pipeline? Blood Rev. 2017,
31, 205–211. [CrossRef] [PubMed]

26. Kohrt, J.T.; Bigge, C.F.; Bryant, J.W.; Casimiro-Garcia, A.; Chi, L.; Cody, W.L.; Dahring, T.; Dudley, D.A.;
Filipski, K.J.; Haarer, S.; et al. The Discovery of (2R,4R)-N-(4-chlorophenyl)-N-(2-fluoro-4-(2-oxopyridin-
1(2H)-yl)phenyl)-4-methoxypyrrolidine-1,2-dicarboxamide (PD 0348292), an Orally Efficacious Factor Xa
Inhibitor. Chem. Biol. Drug Des. 2007, 70, 100–112. [CrossRef] [PubMed]

27. Roehrig, S.; Straub, A.; Pohlmann, J.; Lampe, T.; Pernerstorfer, J.; Schlemmer, K.-H.; Reinemer, P.; Perzborn, E.
Discovery of the Novel Antithrombotic Agent 5-Chloro-N-({(5S)-2-oxo-3-[4-(3-oxomorpholin-4-yl)phenyl]-
1,3-oxazolidin-5-yl}methyl)thiophene- 2-carboxamide (BAY 59-7939): An Oral, Direct Factor Xa Inhibitor.
J. Med. Chem. 2005, 48, 5900–5908. [CrossRef] [PubMed]

28. Rogers, D.; Hahn, M. Extended-Connectivity Fingerprints. J. Chem. Inf. Model. 2010, 50, 742–754. [CrossRef]
[PubMed]

29. Hassan, M.; Brown, R.D.; Varma-O’brien, S.; Rogers, D. Cheminformatics analysis and learning in a data
pipelining environment. Mol. Divers. 2006, 10, 283–299. [CrossRef] [PubMed]

30. Zbinden, K.G.; Anselm, L.; Banner, D.W.; Benz, J.; Blasco, F.; Decoret, G.; Himber, J.; Kuhn, B.; Panday, N.;
Ricklin, F.; et al. Design of novel aminopyrrolidine factor Xa inhibitors from a screening hit. Eur. J. Med. Chem.
2009, 44, 2787–2795. [CrossRef] [PubMed]

31. Anselm, L.; Banner, D.W.; Benz, J.; Groebke Zbinden, K.; Himber, J.; Hilpert, H.; Huber, W.; Kuhn, B.;
Mary, J.-L.; Otteneder, M.B.; et al. Discovery of a factor Xa inhibitor (3R,4R)-1-(2,2-difluoro-ethyl)-pyrrolidine-
3,4-dicarboxylic acid 3-[(5-chloro-pyridin-2-yl)-amide] 4-{[2-fluoro-4-(2-oxo-2H-pyridin-1-yl)-phenyl]-amide}
as a clinical candidate. Bioorg. Med. Chem. Lett. 2010, 20, 5313–5319. [CrossRef] [PubMed]

32. Van Huis, C.A.; Casimiro-Garcia, A.; Bigge, C.F.; Cody, W.L.; Dudley, D.A.; Filipski, K.J.;
Heemstra, R.J.; Kohrt, J.T.; Leadley, R.J., Jr.; Narasimhan, L.S.; et al. Exploration of 4,4-disubstituted
pyrrolidine-1,2-dicarboxamides as potent, orally active Factor Xa inhibitors with extended duration of action.
Bioorg. Med. Chem. 2009, 17, 2501–2511. [CrossRef] [PubMed]

33. Meneyrol, J.; Follmann, M.; Lassalle, G.; Wehner, V.; Barre, G.; Rousseaux, T.; Altenburger, J.-M.; Petit, F.;
Bocskei, Z.; Schreuder, H.; et al. 5-Chlorothiophene-2-carboxylic Acid [(S)-2-[2-Methyl-3-(2-oxopyrrolidin-
1-yl)benzenesulfonylamino]-3-(4-methylpiperazin-1-yl)-3-oxopropyl]amide (SAR107375), a Selective and
Potent Orally Active Dual Thrombin and Factor Xa Inhibitor. J. Med. Chem. 2013, 56, 9441–9456. [CrossRef]
[PubMed]

34. Pinto, D.J.P.; Orwat, M.J.; Koch, S.; Rossi, K.A.; Alexander, R.S.; Smallwood, A.; Wong, P.C.; Rendina, A.R.;
Luettgen, J.M.; Knabb, R.M.; et al. Discovery of 1-(4-Methoxyphenyl)-7-oxo-6-(4-(2-oxopiperidin-1-
yl)phenyl)-4,5,6,7-tetrahydro-1H-pyrazolo[3,4-c]pyridine-3-carboxamide (Apixaban, BMS-562247), a Highly
Potent, Selective, Efficacious, and Orally Bioavailable Inhibitor of Blood Coagulation Factor Xa. J. Med. Chem.
2007, 50, 5339–5356. [PubMed]

35. NCI/CAAD Group Website. Available online: http://cactus.nci.nih.gov/download/nci/ (accessed on
13 January 2017).

36. Hawkins, P.C.; Nicholls, A. Conformer generation with OMEGA: Learning from the data set and the analysis
of failures. J. Chem. Inf. Model. 2012, 52, 2919–2936. [CrossRef] [PubMed]

37. OMEGA, v2.5.1.4: OpenEye Scientific Software, Santa Fe, NM, USA. 2013. Available online: http://www.
eyesopen.com/ (accessed on 13 January 2017).

38. Grant, J.A.; Gallardo, M.A.; Pickup, B.T. A fast method of molecular shape comparison: A simple application
of a Gaussian description of molecular shape. J. Comput. Chem. 1996, 17, 1653–1666. [CrossRef]

39. Grant, J.A.; Pickup, B.T. A Gaussian Description of Molecular Shape. J. Phys. Chem. 1995, 99, 3503–3510.
[CrossRef]

40. McGann, M. FRED pose prediction and virtual screening accuracy. J. Chem. Inf. Model. 2011, 51, 578–596.
[CrossRef] [PubMed]

41. FRED, v3.2.0.2: OpenEye Scientific Software, Santa Fe, NM, USA. 2015. Available online: http://www.
eyesopen.com/ (accessed on 13 January 2017).

http://dx.doi.org/10.1021/jm030137a
http://www.ncbi.nlm.nih.gov/pubmed/14761183
http://dx.doi.org/10.1021/ci2004835
http://www.ncbi.nlm.nih.gov/pubmed/22148635
http://dx.doi.org/10.1016/j.blre.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28185693
http://dx.doi.org/10.1111/j.1747-0285.2007.00539.x
http://www.ncbi.nlm.nih.gov/pubmed/17683371
http://dx.doi.org/10.1021/jm050101d
http://www.ncbi.nlm.nih.gov/pubmed/16161994
http://dx.doi.org/10.1021/ci100050t
http://www.ncbi.nlm.nih.gov/pubmed/20426451
http://dx.doi.org/10.1007/s11030-006-9041-5
http://www.ncbi.nlm.nih.gov/pubmed/17031533
http://dx.doi.org/10.1016/j.ejmech.2008.12.025
http://www.ncbi.nlm.nih.gov/pubmed/19200624
http://dx.doi.org/10.1016/j.bmcl.2010.06.126
http://www.ncbi.nlm.nih.gov/pubmed/20650636
http://dx.doi.org/10.1016/j.bmc.2009.01.063
http://www.ncbi.nlm.nih.gov/pubmed/19231206
http://dx.doi.org/10.1021/jm4005835
http://www.ncbi.nlm.nih.gov/pubmed/24175584
http://www.ncbi.nlm.nih.gov/pubmed/17914785
http://cactus.nci.nih.gov/download/nci/
http://dx.doi.org/10.1021/ci300314k
http://www.ncbi.nlm.nih.gov/pubmed/23082786
http://www.eyesopen.com/
http://www.eyesopen.com/
http://dx.doi.org/10.1002/(SICI)1096-987X(19961115)17:14&lt;1653::AID-JCC7&gt;3.0.CO;2-K
http://dx.doi.org/10.1021/j100011a016
http://dx.doi.org/10.1021/ci100436p
http://www.ncbi.nlm.nih.gov/pubmed/21323318
http://www.eyesopen.com/
http://www.eyesopen.com/


Molecules 2017, 22, 1588 16 of 16

42. McGann, M. FRED and HYBRID docking performance on standardized datasets. J. Comput. Aided Mol. Des.
2012, 26, 897–906. [CrossRef] [PubMed]

43. Irwin, J.J.; Shoichet, B.K. Docking Screens for Novel Ligands Conferring New Biology. J. Med. Chem. 2016,
59, 4103–4120. [CrossRef] [PubMed]

44. McGann, M.R.; Almond, H.R.; Nicholls, A.; Grant, J.A.; Brown, F.K. Gaussian docking functions. Biopolymers
2003, 68, 76–90. [CrossRef] [PubMed]

45. Developmental Therapeutic Program at NCI-NIH. Available online: http://dtp.nci.nih.gov/ (accessed on
13 January 2017).

46. Davies, M.; Nowotka, M.; Papadatos, G.; Dedman, N.; Gaulton, A.; Atkinson, F.; Bellis, L.; Overington, J.P.
ChEMBL web services: Streamlining access to drug discovery data and utilities. Nucleic Acids Res. 2015, 43,
W612–W620. [CrossRef] [PubMed]

47. Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F.;
Bellis, L.J.; Cibrian-Uhalte, E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2017, 45, D945–D954.
[CrossRef] [PubMed]

48. Baell, J.B.; Holloway, G.A. New Substructure Filters for Removal of Pan Assay Interference Compounds
(PAINS) from Screening Libraries and for Their Exclusion in Bioassays. J. Med. Chem. 2010, 53, 2719–2740.
[CrossRef] [PubMed]

49. Dahlin, J.L.; Nissink, J.W.M.; Strasser, J.M.; Francis, S.; Higgins, L.; Zhou, H.; Zhang, Z.; Walters, M.A.
PAINS in the Assay: Chemical Mechanisms of Assay Interference and Promiscuous Enzymatic Inhibition
Observed during a Sulfhydryl-Scavenging HTS. J. Med. Chem. 2015, 58, 2091–2113. [CrossRef] [PubMed]

50. Capuzzi, S.J.; Muratov, E.N.; Tropsha, A. Phantom PAINS: Problems with the Utility of Alerts for Pan-Assay
INterference CompoundS. J. Chem. Inf. Model. 2017, 57, 417–427. [CrossRef] [PubMed]

51. Brooks, B.R.; Brooks, C.L.; Mackerell, A.D.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.;
Bartels, C.; Boresch, S.; et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30,
1545–1614. [CrossRef] [PubMed]

52. Mysinger, M.M.; Carchia, M.; Irwin, J.J.; Shoichet, B.K. Directory of Useful Decoys, Enhanced (DUD-E):
Better Ligands and Decoys for Better Benchmarking. J. Med. Chem. 2012, 55, 6582–6594. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the Developmental Therapeutics Program
(DTP) at the National Cancer Institute (NCI).

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10822-012-9584-8
http://www.ncbi.nlm.nih.gov/pubmed/22669221
http://dx.doi.org/10.1021/acs.jmedchem.5b02008
http://www.ncbi.nlm.nih.gov/pubmed/26913380
http://dx.doi.org/10.1002/bip.10207
http://www.ncbi.nlm.nih.gov/pubmed/12579581
http://dtp.nci.nih.gov/
http://dx.doi.org/10.1093/nar/gkv352
http://www.ncbi.nlm.nih.gov/pubmed/25883136
http://dx.doi.org/10.1093/nar/gkw1074
http://www.ncbi.nlm.nih.gov/pubmed/27899562
http://dx.doi.org/10.1021/jm901137j
http://www.ncbi.nlm.nih.gov/pubmed/20131845
http://dx.doi.org/10.1021/jm5019093
http://www.ncbi.nlm.nih.gov/pubmed/25634295
http://dx.doi.org/10.1021/acs.jcim.6b00465
http://www.ncbi.nlm.nih.gov/pubmed/28165734
http://dx.doi.org/10.1002/jcc.21287
http://www.ncbi.nlm.nih.gov/pubmed/19444816
http://dx.doi.org/10.1021/jm300687e
http://www.ncbi.nlm.nih.gov/pubmed/22716043
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Protein-Ligand Complexes Selection and Ligand Clustering 
	Virtual Screening and Compound Selection 
	Biological Evaluation of FXa Inhibition 

	Materials and Methods 
	FXa-Ligand Structure Retrieval and Standardization 
	Shape-Based Query Generation, Validation, and Screening with Electrostatic Similarity Filtering 
	Docking of Primary Shape/Electrostatic-Based Hits 
	Inhibition of FXa In Vitro 
	In Vitro Coagulation Assays 

	Conclusions 

