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The coagulation enzyme factor Xa (fXa) plays a crucial role in the blood coagulation cascade. In this
study, three-dimensional fragment based drug design (FBDD) combined with structure-based pharma-
cophore (SBP) model and structural consensus docking were employed to identify novel fXa inhibitors.
After a multi-stage virtual screening (VS) workflow, two hit compounds 3780 and 319 having persistent
high performance were identified. Then, these two hit compounds and several analogs were synthesized
and screened for in-vitro inhibition of fXa. The experimental data showed that most of the designed
compounds displayed significant in vitro potency against fXa. Among them, compound 9b displayed the
greatest in vitro potency against fXa with the IC50 value of 23 nM and excellent selectivity versus
thrombin (IC50 ¼ 40 mM). Moreover, the prolongation of the prothrombin time (PT) was measured for
compound 9b to evaluate its in vitro anticoagulant activity. As a result, compound 9b exhibited pro-
nounced anticoagulant activity with the 2 � PT value of 8.7 mM.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Thromboembolic diseases are a leading cause of mortality
worldwide [1,2]. The traditional pharmacotherapies to treat these
diseases such as heparins and vitamin K antagonists have been
proved to be effective in the prevention and treatment of these
thrombotic disorders, but considerable therapeutic limitations
(parenteral administration, numerous food and drug interactions,
inconvenience of frequent monitoring, numerous drug and food
interactions, etc.) restrict their clinical utilization [3], which
prompts investigators to continue the search for novel oral anti-
coagulant not only possessing the same or higher therapeutic ef-
ficacy but also free of the disadvantages typical for the traditional
medicines [4,5]. Factor Xa, which is situated at the juncture of
intrinsic and extrinsic pathways in the coagulation cascade and
catalyzes the conversion of prothrombin to thrombin, plays
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prominent roles in various thromboembolic complications. It has
been well demonstrated that the selective inhibition of fXa could
provide an anticoagulant effect by blocking the amplified formation
of thrombin without influencing normal hemostasis [6,] which
means that fXa inhibitors could decrease risk of bleeding. So many
efforts have been devoted to search for novel fXa inhibitors with a
favorable safety profile [7e9]. Currently, three oral, direct, selective
factor Xa inhibitors have been approved: rivaroxaban [10e12]
(Bayer), apixaban [13,14] (Bristol-Myers Squibb/Pfizer) and edox-
aban (Daiichi- Sankyo) [15,16] by the U.S. Food and Drug Admin-
istration (FDA) (Fig. 1). Several other promising fXa inhibitors, such
as betrixaban and eribaxaban, are currently under various stages of
clinical trials [17e20].

FBDD, which adopts an effective strategy that increased activity
is obtained by integrating several independent functional frag-
ments with low-affinity binding together, is a promising paradigm
in lead discovery [21e24]. The preference for FBDD over other
methods, such as high throughput screening (HTS), rests largely on
the enhanced screening of a more impressive conformational space
with a smaller starting number of compounds [25,26]. On the other
hand, the methodology has earned great reputation in rapidly
discovering potential drug leads at relatively lower cost of
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Fig. 1. The structures of rivaroxaban, Apixaban, Edoxaban, Betrixaban and Eribaxaban.
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economic investment than biophysical approaches such as nuclear
magnetic resonance (NMR), X-ray diffraction, surface plasmon
resonance (SPR) andmass spectrometry (MS) [27]. Therefore, in our
study, the strategy for three-dimensional fragment-based lead
discovery [26] was employed to discover novel compounds with
fXa inhibitory potency. Specifically, some known structurally
diverse fXa inhibitors with co-crystallized conformations were
firstly overlaid and then deconstructed into small groups according
to the predefined rules. The resulted fragments that occupy
different regions of the active site were then merged or linked to
generate the novel, potential fXa inhibitors. Several screening
technologies, such as structure-based key pharmacophore con-
straints, consensus docking screening and ADMET, were carried out
to screen the new molecular library generated through chemical
space analysis to identify the potential active molecules. The root-
mean square deviation (RMSD) values between the docking and
combining conformations of the new compounds were calculated
and chosen as the main standards for lead identification. The
flowchart of each procedure was shown in Fig. 2. Finally, two hit
Fig. 2. The flowchart of the nov
compounds combined with several analogs were synthesized and
subsequently evaluated for their inhibitory activity against fXa, and
the compound showing the most potent activity of fXa inhibition
was further assessed the degree of selectivity versus thrombin and
extension of the prothrombin time (PT). The results obtained from
FBDD and biological experiment would provide noteworthy infor-
mation for further development of fXa inhibitors.
2. Results and discussion

2.1. Fragment library

There were approximately 114 fXa-inhibitor cocrystal structures
[28e34] available in the protein data bank (PDB) when this article
was prepared. Thirty-nine representative fXa inhibitors were
selected based on the diverse structures of the co-crystallized li-
gands (Fig. 3) and then overlaid with the reference structure.
Therefore, the active conformations of the ligands were also well
overlaid within the same coordinate system. The generated
el hits discovery strategy.
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fragment library was comprised with 305 fragments based on the
39 known ligands under the established setting rules. The infor-
mation about the spatial distribution in the target was included in
the resultant fragment library, as well as about their chemical
structures. The binding conformations of inhibitor rivaroxaban
(PDB code 2w26) and its fragments were shown in Fig. 4, and it was
found that the inhibitor was deconstructed into three component
fragments which maintained the initial orientations and spatial
positions of the ligand.

2.2. Evaluation of fragment-based compound library and hits
identification

2.2.1. Construction of new molecular library
According to the setting rules, All the new molecules should be

constructed by the fragments from different initial sets (Fig. 5). As a
result, 11858 compounds were developed from 305 fragments by
chemical space analysis.

2.2.2. Lipinski's rule and ADMET profile
To effectively abandon the redundant compounds and generate

a library with high quality, some virtual screening, including Lip-
inski's rule and ADMET profile, was firstly performed to filter the
new molecules. Finally, 814 compounds were selected from the
library.

2.2.3. Structural based pharmacophore generation
Twelve fXa-inhibitor cocrystal structureswhichwere included in

the abovementioned thirty-nine representative fXa inhibitors were
superimposed with the same coordinate. The Ludi interaction map
was used to generate pharmacophore features which consisted of
hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), aro-
matic ring and hydrophobic features (Fig. 6A and B). Then some
common pharmacophoric constraints in the active site of fXa were
retained and some unrepresentative features were deleted. As a
result, six sets were considered as the key pharmacophoric features
(Fig. 6C). Subsequently, the central pharmacophore feature of each
set was defined as the common feature and constructed the Hypo1
(Fig. 6D). Hypo1 was then aligned to rivaroxaban. As were shown in
Fig. 6E and F, one HBA and HBD, one aromatic ring in the S4 pocket,
two hydrophobic cores in S1 pocket, one HBA and one HBDwere all
included in the SBP model. Eventually, Hypo 1 was employed as the
query to quickly identify compounds in the library generated from
last stage, which have an excellent mapping. As a result, 380 com-
pounds were well matched this model.

2.2.4. Consensus docking
The compounds resulting pharmacophore screening were then

analyzed by docking study. Presently, there are many potential
pitfalls and inherent limitations remaining in docking program.
There is no single docking program that is competent in all cases,
which poses a pressing question regarding the optimal protocol to
select for docking-based virtual screening. Recent studies have re-
ported a novel consensus docking strategy, which instead of
combining various docking scores, comprehensively integrated the
results of docking poses from separate docking programs [35e37].
The use of consensus docking poses could remarkably improve the
reliability of docking and remedy the drawback existing in single
docking program, which always provide similar docking scores
with no way of distinguishing which one is correct [36]. Previously,
we have successfully adopted this method in identification of
dipeptidyl peptidase IV inhibitors [37]. Now, consensus docking
strategy is also employed by using the following two different
docking programs: LigandFit in DS2.5 and glide in Schrodinger
2009. DockScore and GScore were selected to separately rank
docked poses in each program. During screening, the recom-
mended criterion for similar docking results was slightly modified
from RMSD < 2.0 Å to RMSD < 3.0 Å because of limited number of
hit compounds when the proposed criteria applied. The 380 top-
ranking hit compounds from last step were independently
docked to the fXa structure (PDB code 2w26) by LigandFit and
Glide. And the top 100 compounds resulting from each docking
program were combined, and their poses were compared visually
followed by the calculation of corresponding RMSD value (RMSD_1
in Fig. 7). As a result, 43 compounds containing similar docked
poses generated from two different docking programs were
considered to be valid docking results.

2.2.5. RMSD-based scoring function
To further evaluate the quality of the 43 compounds, the RMSD

values between the combining conformations and the predicted
binding conformations which were generated from molecular
docking were then calculated to re-rank hit compounds. The RMSD
values of the 43 compounds were showed in Fig. 7 (RMSD_2), and it
was found that most of themwere distributed around 2.00 Å, with
five compounds <1.00 Å and three >3.00 Å. Table 1 exhibits all the
detailed RMSD values of the 43 potential fXa inhibitors in
ascending order, and Table 2 lists the structures of top-ten new
compounds generated by this stage. Among them, three known
compounds (1876, RMSD ¼ 0.1487, Ki ¼ 0.14 nM; 2398,
RMSD ¼ 0.3021, IC50 ¼ 27 nM; 643, RMSD ¼ 1.1324, Ki ¼ 90 nM)
with good fXa inhibitory activity were also constructed with the
fragments from the different initial inhibitors. From the compari-
son of RMSD values and activity data of the three compounds, we
can find that the smaller deviations between their binding and
combining conformations that they obtain, the higher inhibitory
activity they will display. This correlation is consistent with our
assumption. The RMSD values of top-ten new compounds were all
small and in the range from 0.1487 to 1.3938, indicating that all
fragments maintained their original conformation and binding
mode in the newly constructed molecules which would show good
activity against fXa with a high probability. As for the selection of
hits compounds, synthetic tractability and cost were firstly
considered. As a result, compounds 3780 and 319 were chosen as
hit compounds.

The interaction mode of two hit compounds with fXa predicted
by glide in Schrodinger 2009 were illustrated in Fig. 8. For the
interaction mechanism of 3780 with fXa (Fig. 8a), 5-
chlorothiophene occupies hydrophobic S1pocket formed by
Ala190, Val213 and Tyr228 and forms a Cl-p interaction between
the chloro atom and the phenyl ring of Tyr228, which played a part
in the interaction between inhibitors and fXa. The NH of scaffold
carboxamide forms a hydrogen bond with carbonyl oxygen of
Gly219. The P4 phenyllactam of 3780 is flanked by the phenyl
groups of Phe174 and Tyr99 in the S4 aryl binding pocket and forms
an edge to face interaction with Trp215. The carbonyl oxygen
(scaffold carboxamide) also forms hydrogen bond with Gly216. For
Compound 319 (Fig. 8B), chloropyridine occupies the S1 pocket
more deeply than 3780 because the carboxamide group extends P1
by 2-bonds length, but Cl-p interaction with Tyr228 was not
formed because the chlorine atom deviated from the phenyl ring of
Tyr228. The other interaction mode is similar to 3780.

To confirm the reliability of the strategy, compounds 3780 and
319 were firstly synthesized and evaluated for in vitro inhibition of
fXa. To our delight, the two compounds exhibited inhibitory activity
against fXa with the IC50 value of 67 nM and 298 nM, respectively,
which encouraged us to further explore the efficacy of analogs of
these two hit compounds. As a result, a series of analogs of com-
pounds 3780 and 319were designed, synthesized and evaluated for
their fXa inhibitory activity.



Fig. 3. Chemical structures of initial 39 known inhibitors that were cocrystallized with fXa.
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2.3. Chemistry

The synthetic routes of intermediates and target compounds
9aee and 12aeg are depicted in Scheme 1. The commercially
starting material available 1was treated with chloroacetyl chloride
to generate compound 2 [38], which was further converted to in-
termediate 4 (X ¼ O) through treating with nitric acid in concen-
trated sulfuric acid at 0 �C [39]. Additionally, treatment of the
commercially available 3with 5-chlorovaleryl chloride using excess
sodium hydroxide afforded 4 (X ¼ CH2). Hydrogenation of 4 using
Pd/C (10%) and hydrazine hydrate (80%) in anhydrous EtOH pro-
vided aniline 5, which was acidylated by 6 to afforded 7. Nitro-
reduction of 7, followed by acylation with aromatic acid afforded
corresponding target compounds 9aee. Alternatively, treatment of
compound 8 (X ¼ O) with ethyl oxalylmonochloride provided
oxoacetate analog 10. Hydrolysis (KOH (1 N) in THF/water) of 10
gave oxoacetic acid intermediate 11, which was subsequently con-
verted to compounds 12aeg by acylation with aromatic amines.

The physical characteristics, IR, 1H NMR, 13C NMR, MS and
elemental analysis data for all intermediates and target com-
pounds, were reported in the supporting information.

2.4. Biological activities and discussion

2.4.1. In vitro inhibition activities studies of fXa
All the targeted compounds were evaluated in vitro for their fXa

enzyme inhibitory activity, and betrixaban has been selected as the
positive control. Tables 3 and 4 summarized the fXa inhibitory ac-
tivity of designed compounds. The assay results showed that most
of the novel compounds exhibited significant inhibitory activity
against fXa with the IC50 value from 1120 to 23 nM (Table 4),
particularly for compound 9b, which was the most potent fXa in-
hibitor in these series with the IC50 value of 23 nM.

The experimental data showed that the compound 12a, which
was non-substituted at the benzene ring, showed weak fXa inhi-
bition activity with the IC50 value of 1120 nM. The mono-chloro
substituted compounds demonstrated regiochemical preferences
of para > meta > ortho (12b ¼ 798 nM, 12c ¼ 621 nM, and
12d ¼ 452 nM). Of the synthesized compounds 12aeg, a chlorine
group (12d) at the paraposition exhibited most potent compound
of this series. An activity difference between chloro- and fluoro-
substitution was also found in this series. 4-fluoro substituent
analog 12e, which was more active than non-substituted 12a, was
1.5-fold less potent in the binding assay compared with the 4-
chloro substituted compound 12d. Additionally, methoxyphenyl
analogs 12f, 12g were also more active than 12a, and an activity
order of para > ortho was also observed. Replacement of oxalamide
group in 12aeg with amide group increased activity dramatically
(12aeg vs 9aee). In a similar trend to that observed in 12aeg, the
unsubstituted phenyl analog 9a exhibited moderate fXa inhibitory
activity with the IC50 value of 512 nM. Chlorophenyl analogs 9c and
9d were more potent than 9a, and 9b (4-Cl) exhibited the most
potent fXa inhibition in vitrowith the IC50 of 23 nM. Introduction of
methoxy group at para or meta-position could slightly improve fXa
inhibitory activity and an activity order of para > meta was
observed (9d ¼ 286 nM, 9e ¼ 378 nM).

2.4.2. Selectivity versus thrombin and prothrombin time (PT) assay
In view of its excellent bioactivity in the primary fXa assay, 9b

was chosen to assess the degree of selectivity versus thrombin and
the extension of the prothrombin time (PT) to determine its in vitro
anticoagulant activity. The assay results were showed in Table 5,
which demonstrated that 9b not only exhibited weak activity
against thrombin with an IC50 value of 48 mM but also showed
excellent in vitro anticoagulant activity, judging by its 2 � PT value
of 8.7 mM. Although compound 9b was less active than betrixaban
in the fXa binding assay, it showed similar selectivity against
thrombin and a comparable magnitude in anticoagulant activity
in vitro with betrixaban.

3. Conclusion

In summary, we have reported a drug design strategy which
integrated FBDD, structure-based key pharmacophore and struc-
tural consensus docking for identification of novel fXa inhibitors.
Then two hit compounds together with their analogs were syn-
thesized and evaluated for potential inhibitory activity against fXa.
In vitro evaluation demonstrated that most of test compounds
displayed evident fXa inhibition. Of these derivatives, compound
9bwas found to possess the best fXa inhibitory activity with an IC50
value of 23 nM and excellent selectivity over thrombin (48 mM).
In vitro anticoagulant activity, compound 9b also exhibited pro-
nounced anticoagulant activity with the 2 � PT value of 8.7 mM.
Therefore it could be considered as lead compound for obtaining
even more potent fXa inhibitors and may be eventually developed
into new anticoagulant drugs candidates against fXa.

4. Experimental section

4.1. fXa inhibitors set collection

All the compounds were selected according to the following
rules: (i) Compounds should bind to the same active site of fXa; (ii)
The known inhibitors selected should cover diverse chemical
structures. Most fXa inhibitors collected could be found their
crystal complex structures in PDB. Without the experimentally
resolved structures of the inhibitors within the complex of the
target protein, accurate molecular docking simulations were
employed to generate their binding conformations. All the com-
pounds were well-aligned the reference crystal structure keeping
the original technical parameter of the protein structural alignment
software default, and then their binding conformations were
extracted from the complex structures to generate three-
dimensional fragments [26].

4.2. Three-dimensional fragment generation

The corresponding fragment located in different regions of the
target were generated by deconstructing the superimposed com-
pounds with their binding conformations according to some simple
rules, similar to those described in the original report on the ret-
rosynthetic combinatorial analysis procedure (RECAP) [40]. Ac-
cording to this principle, ring connecting bonds and hydrogen
bonds should not be cut, andmolecules withmore than the defined
“maximum atoms”(i.e., maximum number of atoms allowed in the
compound to be cleaved) were not cut. The minimum number of
non-hydrogen atoms in a fragment was set to 2. It was an option to
set whether the bonds between heteroatoms and carbons are
allowed to cleave. The resultant fragments were denominated in
the same way described in previously reported literature [26]. All
generated fragments in the library were not only well matched
with separate regions in the target, but also maintained their
original conformations and binding modes of the selected in-
hibitors with fXa.

4.3. Construction of new molecules

The construction of new compounds was implemented auto-
matically through linking or merging the neighboring three-
dimensional fragments through a series of bonding rules



Fig. 4. (A): Binding conformation of rivaroxaban (PDB code 2w26). (B) Conformations of the three constituted fragments deconstructed from rivaroxaban: fragment 1 (yellow),
fragment 2 (green), and fragment 3 (cycan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Compound 1170, a potential inhibitor of fXa, constructed from fragments of three different known inhibitors.

Fig. 6. (A) All 12 pharmacophore queries aligned to define the common features Interactions of rivaroxaban with the active site of fXa (PDB code 2w26). (B) The pharmacophoric
constraints in the active site of fXa. (C) The key features were retained according to the clustering rule; (D) The SBP model consisted of common features; (E) Best pharmacophore
model Hypo1 aligned to rivaroxaban; (F) Interactions of rivaroxaban with the active site of fXa (PDB code 2w26).
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described in the literature [26]. The bonds which could be formed
between the fragments have been firstly identified by the following
criteria: (a) the angle between the bond directions should be less
than 15�, and (b) the distance between the atom that remains in
one fragment and the atom that leaves the other fragment should
be less than a threshold 1 Å. The first rule guarantees the adequate
rotational alignment of the generated fragments, and the second
criterion ensures the proper translational alignment of the frag-
ments. Both internal and peripheral bonds could be considered for
disconnection to form a new bond with another fragment, and the



Fig. 7. RMSD value distribution of the 43 potential fXa inhibitors.

Table 1
Ranking of the 43potentially fXa inhibitors using the RMSD values.

Index Compound name RMSDa RMSDb Ranking Index Compound name RMSDa RMSDb Ranking

6 1876 0.4525 0.1487 1 21 254 2.1234 2.3436 23
30 8769 0.6459 0.1921 2 38 4913 1.6723 2.3449 24
23 432 1.7625 0.2539 3 4 470 1.7825 2.4137 25
40 2398 0.8172 0.3021 4 36 532 1.3526 2.4286 26
10 752 1.6580 0.5124 5 16 6841 0.7652 2.4762 27
29 3780 0.8762 1.0841 6 43 791 2.0941 2.4987 28
35 643 1.3897 1.1324 7 27 4592 1.7624 2.5132 29
24 1771 1.0346 1.2234 8 42 35 0.9851 2.5856 30
41 7425 0.9071 1.3324 9 8 609 1.8724 2.6142 31
18 319 1.9872 1.3938 10 28 7812 2.0116 2.6354 32
1 853 1.2398 1.5823 11 39 10061 1.3240 2.6437 33
11 4612 1.4891 1.6984 12 13 211 1.5217 2.6483 34
33 6783 2.5091 1.7425 13 20 890 0.3561 2.6637 35
7 289 1.8616 1.7942 14 5 9217 0.7653 2.7381 36
37 1082 2.2546 1.8482 15 22 8203 1.2901 2.7420 37
2 3147 2.3712 1.8887 16 14 335 1.3924 2.7414 38
17 10342 1.7832 1.9912 17 26 168 1.2093 2.8216 39
12 2651 2.8109 2.1432 18 31 3245 2.3218 2.8937 40
25 726 2.1092 2.1789 19 9 5872 2.9174 3.0824 41
3 3128 2.3876 2.2341 20 19 901 0.4238 3.1417 42
15
34

122
913

2.0136
2.4580

2.3014
2.3237

21
22

32 861 1.6218 3.7276 43

a The RMSD values were calculated between the docking poses generated from LigandFit and Glide.
b The RMSD values were calculated between the combining conformations and the predicted binding conformations.
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fragments could overlap. However, if the distance between the
fragment centroids was below the refined threshold of 3.0 Å, then
the fragments could not join because they were considered to
occupy the same location in the receptor. The self-assembly of
fragments was performed after four steps. The first step connects
pairs of fragments. In the second step, the results of the first pro-
cedurewere used as input, so that the generated compounds can be
the combinations of up to four fragments, and so on. Four rounds
were carried out so that the new compounds could be generated by
the constituent molecules from the previous step. The new mole-
cules should not be constructed with the fragments from the same
inhibitor to guarantee the novelty of the generated compounds,
judging from the fragment denomination. For fragments that
contained no atoms which were close enough to generated new
bonds, methylene linkers (at most two) were added to combine the
adjacent fragments and formed a single drug-like compound.
Additionally, fragment merging was performed if the carbon-
ehydrogen or carbon-halogen bonds in the different fragments
bound in proximal regions overlapped. Generally, a total molecule
obtained by combining adjacent fragments was handled by energy
minimization. However, all the newcompoundswere not subjected
to the energy minimization procedure in this strategy, so that the
constituent fragments of the constructed compounds would keep
their original conformations in the protein-binding pocket.
4.4. Evaluation of constructed molecular library

4.4.1. In silico evaluation of the Lipinski's rule and ADMET profile
The Lipinski's rule of five parameters-molecular weight (MW),

AlogP, number of hydrogen bond donors (HBD), number of
hydrogen bond acceptors (HBA), and molecular fractional polar
surface area were firstly employed to qualitatively estimated their
potential “drug-like” properties. ADMET descriptors can be added if
other criteria are required. The generated molecular library is
subjected to this filtration through employing the Calculate Mo-
lecular Properties protocol available in discovery studio 3.0, and all
the parameters in the Parameters Explorer were in default.
4.4.2. Structure-based key pharmacophore generation
Structure-based key pharmacophore models were generated

based on 12 complex structures (4BTI, 3Q3K, 3M36, 3LIW, 3KQC,
3IIT, 2Y81, 2Y5G, 2P16, 2W26, 1WU1 and 1G32) with a Ludi inter-
action map using receptor-ligand pharmacophore generation pro-
tocol with default parameters in DS3.0. This protocol created a
pharmacophore query from a Ludi interaction map which was
created in a receptor active site sphere and consists of hydrogen
bond acceptor, hydrogen bond donor, and hydrophobic features.
Finally 12 pharmacophore models were generated, which were
then aligned and reserved the most common features to generate a



Table 2
The structures of top-ten new compounds generated by this stage.

Compound name Structures RMSDa Fragment 1 (blue) Fragment 2 (green) Fragment 3 (red) IC50/Ki(nM)

1876 0.1487 3Q3K_
fragment2

2P95_
fragment3

2XBV_
fragment4

Ki ¼ 0.14

8769 0.1921 2p16_
fragment1

2XBV_
fragment1

2XBV_
fragment3

__

432 0.2539 3M36_
fragment1

2XC5_
fragment5

3KQC_
fragment3

__

2398 0.3021 3IIT_
fragment5

2W26_
fragment3

IC50 ¼ 27

752 0.5124 3SW2_
fragment2

3Q3K_
fragment3

2XC5_
fragment5

__

3780 1.0841 Berixaban_
fragment1

2p16_
fragment3

2w26_
fragment3

__

643 1.1324 2J94_
fragment1

1WU1_
fragment4

Ki ¼ 90

(continued on next page)
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Table 2 (continued )

Compound name Structures RMSDa Fragment 1 (blue) Fragment 2 (green) Fragment 3 (red) IC50/Ki(nM)

1771 1.2234 2BOK_
fragment2

2WYG_
fragment1

1G32_
fragment3

__

7425 1.3324 4BTU_
fragment2

1IOE_
fragment1

2P3T_
fragment6

__

319 1.3938 Berixaban_
fragment1

Edoxaban_
fragment 2

2p16_
fragment2

__

a The RMSD values were calculated between the combining conformations and the predicted binding conformations.

Fig. 8. The docking model of compounds 3780 and 319 with the binding site of fXa. (A): The interactions of compound 3780 with the active site of fXa. (B): The interactions of
compound 319 with the active site of fXa. (C): Overlay of binding conformations of compounds 3780 and 319 with the active site of fXa. Hydrogen atoms have been hided for clarity.
The figures were prepared using PyMol (www.pymol.org).
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SBP model, Hypothesis 1 (Hypo 1). Subsequently, Hypo 1 was
employed to filter the new molecular library obtained by last
strategy.
4.4.3. Docking simulation
All themolecules, which passed ADMETand the pharmacophore

screening, were prepared using the LigPrep module in Schrodinger
2009 and two parallel docking studies were independently con-
ducted employing LigandFit available in DS2.5 and Glide in Schro-
dinger 2009 to determine a consensus docked pose for each
molecule, as described in our previous study [37], and fXa structure
used as receptor in docking was retrieved from the protein data
bank (PDB entry: 2w26) [32]. For each molecule, the RMSD value
was calculated between the docked poses from Glide and Ligandfit.
This value gives us a direct measurement to assess the accuracy of
docking results. When the RMSD value between two docking re-
sults is larger than 3 Å, there is a high probability to be false positive
hit.
4.4.4. Hit selection
The generated combining conformations of the novel com-

pounds maintained the original binding modes of their constituent
fragments because the energy minimization procedure was not
applied in this strategy. Glide in Schrodinger 2009 was employed to
simulate the binding conformations of the new compounds with
fXa. To confirmwhether the constituent fragments in the generated
molecules maintained their original binding modes, the RMSD
value between the combining and docking conformations is used as
a criterion to assess the conformational distortions of the compo-
nent fragments. The lower RMSD values molecules obtain, the
higher potential activity they will display. When the RMSD value
between the combining and docking conformations below 3 Å, it
suggests that the fragments are combined without remarkable
distortions of their individual binding modes in the final molecules.
The combining and docking conformations are imported into
molecule window in DS3.0. Calculate Docked Rmsd calculates the
RMSD of atoms in the combining conformation with respect to
docking conformation. The RMSD values are calculated between
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Scheme 1. Synthesis routes and structures of intermediates and target compounds. Reagents and conditions: (a) Chloroacetyl chloride, EtOH/H2O, NaOH, 38e45 �C, 1 h; (b) sulfuric
acid; nitric acid �10 �C, 1 h; (c) 5-Chlorovaleryl chloride, NaOH, THF/H2O, 0-rt, overnight; (d) hydrazine hydrate (80%), Pd/C (10%), EtOH, reflux, 1 h; (e) Oxalyl chloride, DMF, CH2Cl2,
0-rt, 1 h, then CH2Cl2, triethylamine, 0-rt, 16 h; (f) hydrazine hydrate (80%), Pd/C (10%), EtOH, reflux, 1.5 h; (g) aromatic carboxylic acid, Oxalyl chloride, DMF, CH2Cl2, 0-rt, 1 h, then
CH2Cl2, triethylamine, 0-rt,14 h; (h) ethyl oxalylmonochloride, CH2Cl2, N,N-Diisopropylethylamine, 0-rt, 1 h; (i) KOH, H2O/THF, Hydrochloric acid (1 N), 1 h, 0-rt; (j) EDCI, DMAP,
aromatic amines, DMF, rt, 120 h.

Table 3
fXa inhibitory effect of designed compounds 319 and 12aeg.

Compound X R IC50 (nM)a

319 N 5-chloro 298
12a CH H 1120 ± 145
12b CH 2-chloro 798 ± 92
12c CH 3-chloro 621 ± 67
12d CH 4-chloro 452 ± 46
12e CH 4-fluorine 678 ± 72
12f CH 2-methoxy 828 ± 101
12g CH 4-methoxy 612 ± 59

a The data represent the mean of at least three independent determinations.

Table 4
fXa inhibitory effect of designed 3780 and 9aee.

Compound R IC50 (nM)a

3870 67 ± 18

9a 521 ± 59

9b 23 ± 8

9c 183 ± 22

9d 286 ± 34

J. Xing et al. / European Journal of Medicinal Chemistry 95 (2015) 388e399 397
two conformations, including hydrogen atoms.
9e 378 ± 49

a The data represent the mean of at least three independent determinations.
4.5. Chemistry

All starting materials, solvents and reagents were commercial
sources and used without further purification. All the reactions
mentioned in this article were monitored by thin layer chroma-
tography (TLC) at 254 nm under a UV lamp with the following
eluent system: n-hexane/ethyl acetate or dichloromethane/meth-
anol. Column chromatography separations were obtained on silica
gel (300e400 mesh) eluting withCH2Cl2/MeOH (60/1). %Purity of
the target compounds (>97%) were determined by HPLC analysis
(UV detector, wavelength: 230 nm). 1H NMR and 13C NMR spectra
on a Bruker AV 300 MHz spectrometer were recorded in DMSO-d6
or CDCl3. Chemical shifts are recorded in d (ppm) units relative to



Table 5
Selectivity versus thrombin and anticoagulant activity of 9b.

Compound Thrombin IC50 (mM)a 2 � PT (mM)b

9b 48 8.7
Betrixaban 18 2.4

a The data represent the mean of at least three independent determinations.
b 2 � PT value is defined as the inhibitor concentration required to double the

time to fibrin formation.
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TMS. Mass spectrometry (MS): HewlettePackard 1100 LC/MSD
spectrometer, in m/z; Elemental analyses: CHNeO-Rapid
instrument.

4.6. Inhibition of fXa and thrombin in vitro

The synthesized compounds were measured in vitro for their
factor Xa/thrombin inhibition using achromogenic substrates. The
targeted compounds were prepared at 10 mM concentration and
then serially diluted to give twelve different aliquots spanning a
range of 0.010e500 mMin buffer (50 mM Tris-Cl, 100 mMNaCl, 0.1%
BSA, pH 7.4). The final enzyme concentrations were 0.003 U/mL
(human fXa from Enzyme Research Laboratories) and 0.125 U/
mL(human thrombin from Sigma Chemical Co.). 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 (for factor Xa, S-2222; for thrombin, S-2238). The time
course of the reaction was monitored continuously for 20 min at
405 nm in amicrotiter plate reader. The IC50 was calculated from the
mean of duplicates from a dilution series of the compound with
graphpad prism 5.

4.7. Prothrombin time (PT) assay

Commercially available kits (ThrombopLastin-DS from Fisher
Diagnostics, a division of Fisher Scientific, Co.L.L.C.) were employed
to measure PT. Clotting times were measured using an automatic
coagulometer (BE Compact-X), in accordance with the manufac-
turer's instructions. Increasing concentrations of inhibitor or sol-
vent were added to plasma and incubated for 3 min at 37 �C. The
plasma clotting times were calculated and compared with those
from the appropriate control plasma.
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