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ABSTRACT
Human Coagulation Factor IXa (FIXa), specifically inhibited at the initiation stage of the blood coagula-
tion cascade, is an excellent target for developing selective and safe anticoagulants. To explore this
inhibitory mechanism, 86 FIXa inhibitors were selected to generate pharmacophore models and subse-
quently SAR models. Both best pharmacophore model and ROC curve were built through the
Receptor–Ligand Pharmacophore Generation module. CoMFA model based on molecular docking and
PLS factor analysis methods were developed. Model propagations values are q2¼ 0.709, r2¼ 0.949, and
r2pred¼ 0.905. The satisfactory q2 value of 0.609, r2 value of 0.962, and r2pred value of 0.819 for CoMSIA
indicated that the CoMFA and CoMSIA models are both available to predict the inhibitory activity on
FIXa. On the basis of pharmacophore modeling, molecular docking, and 3D-QSAR modeling screening,
six molecules are screened as potential FIXa inhibitors.
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1. Introduction

Although blood coagulation is necessary part of homeostasis
regulation in human body, abnormal coagulation can cause
harmful effects. For example, thrombus which is formed in
the blood vessels or cavities of the heart and hinders the
location of blood flow, may cause pathological lesions or vas-
cular wall injury, and lead to diseases such as myocardial
infarction, stroke, pulmonary embolism, or heart attack [1].
Current anticoagulants, such as ticlopidine, clopidogrel, hep-
arin, and warfarin, have limited therapeutic efficacy. And they
are associated with significant adverse effects such as bleed-
ing, thrombocytopenia, which require to be monitored in
clinical [2–5]. Over the past few years, researches were
focused on tissue damage pathway in the course of coagula-
tion associated with specific enzymes such as thrombin,
Coagulation Factor Xa (FXa), Coagulation Factor VIIa, and
Tissue Factor (FVIIa/TF) [6–8], some of which have been
advanced to clinical development. Several FXa inhibitors such
as rivaroxaban, apixaban, and edoxaban have been launched
for the treatment of thrombosis, but the potential risk of
bleeding remains as well as with a narrow therapeutic win-
dow [9,10]. One study showed a very high risk of recurrent
venous thromboembolism emerging with high levels of
Coagulation Factor III (FVIII) and Coagulation Factor IX (FIX)
[11]. Thus these drugs should be carefully prescribed to min-
imize bleeding risk. Unlike the thrombin inhibitor or FXa
common pathway inhibitor, the FIXa inhibitor primarily tar-
gets the internal pathway of the coagulation cascade and
the selective coagulation mechanism may lead to a better
clinical safety [1]. The cell-based model of coagulation has

confirmed the importance of the Coagulation Factor VIIIa/IXa
complex in clot formation, therefore FIXa represents a prom-
ising target for anticoagulant therapy [12]. In recent years,
several research groups have published their findings on
potent and selective FIXa inhibitors [13–15]. Herein we wish
to discover a series of new selective FIXa inhibitors by virtual
screening on the basis of pharmacophore modeling, mol-
ecule docking and 3D-QSAR model.

Initially, this study used Lipinski’s rule of five and Veber
rules to filter the compounds of SPECS database followed by
screening of the complex based pharmacophore model (CBP)
to seek the new active FIXa inhibitor with a result of obtain-
ing 10,480 candidates. Then the first 300 molecules were
retained after screening by molecular docking. After further
evaluation by 3D-QSAR model, six new potential potent mol-
ecules were discovered (Figure 1).

2. Materials and methods

2.1. Methods and computational details

Pharmacophore and virtual screening based on SPECS data-
base were respectively performed [16–22] by Discovery
Studio 4.0 (Accelrys Inc., San Diego, CA, USA) and GOLD 5.2.2
(CCDC, Version 4.0, UK). 3D-QSAR models including CoMFA
and CoMSIA were built using SYBYL-X2.0 (Tripos Inc., St.
Louis, MO, USA, 2012).

2.2. Data preparation

A total of 86 FIXa inhibitors were collected from the publica-
tions by Harold B. Wood group [1,13,14] to generate the CBP
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and 3D-QSAR model, 11 compounds of them were randomly
selected as the test set, and the other 75 compounds were
used as training sets to establish CoMFA model and CoMSIA
model, and 485 inactive molecules were downloaded from
the zinc library (http://zinc.docking.org). The pKi value range
from 3.88 to 9.22 and their span is five log units, indicating
that the data used to build the 3D-QSAR model are reliable.
The pKi values and chemical structures of the FIXa inhibitors
are shown in Table 1. Compound 21 was selected as a refer-
ence structure for docking and modeling based on the fol-
lowing facts: 1) crystal structures of FIXa (PDB: 4Z0K)
containing ligand 21 has the highest resolution (1.41 Å)
which facilitate the validation of docking protocol; and 2)
compound 21 is the original ligand of the FIXa crystal com-
plex, which has the lowest conformer energy in FIXa by
density functional calculations, hence the interaction pattern
between Compound 21 and FIXa is the closest to the real
binding mode.

2.3. CBP pharmacophore model generation and
virtual screening

CBP pharmacophore model was built on the basis of co-crys-
tal structure of receptor–ligand complex. Selective pharmaco-
phore models were generated by using the protocol of
‘receptor-ligand pharmacophore model generation’ in DS 4.0.
Specifically, the maximum hydrophobic distance was set to
5.5 Å and the maximum hydrogen bond distance was set to
3.0 Å. Other parameters such as ‘mode’ and ‘docking’ were
set as ‘fast’ and ‘rigid’, respectively.

The selected pharmacophore model was used to virtu-
ally screen the commercial chemical SPECS database. The

number of conformations of the screened molecular was
set to 200, the conformation method was ‘BEST’ and
Minimum Interfeature Distance was 2.0. Subsequently, all
hits screened by pharmacophore models were used in
docking procedure.

2.4. Molecular docking

A total of 10480 compounds were got after pharmacophore-
based screening. Subsequently, these compounds were fur-
ther submitted to a receptor–ligand interaction screening
consisting of docked molecules in FIXa crystal structure
(4Z0K, 1.41 Å) [14]. The optimized binding pose of the ori-
ginal ligand (compound 21 in Table 1) in the FIXa crystal
structure was considered as a reference model for molecular
docking simulation. The protein functional sites were defined
by grid 10 Å for all three dimensional axis as centered with
the ligand. The Chemscore_p450_csd and ChemScore were
applied as a template and scoring function, respectively. The
GA sets for 30 run. Top 300 compounds based on docking
scores were chosen for further 3D-QSAR model activity pre-
diction and analysis.

2.5. 3D-QSAR models generation and activity prediction

The alignment of molecules based on the docked conforma-
tions is more reasonable than the global minima energy con-
former-based alignment [23], which has been verified by
many successful applications on CoMFA modeling [24–26].
Docking simulations of 86 FIXa inhibitors in Table 1 into the
FIXa-binding pocket were performed using GOLD dock mod-
ule. The docking method aligns the compounds with the ori-
ginal ligand in the active chamber of the target. The X-ray
crystal structure of ligand–FIXa complex was optimized by
DS 4.0 to provide starting conformation. Considering the cri-
terion of test set should represent the structural diversity and
a range of FIXa inhibitory activity similar to training set, 11
compounds (a ratio of about 7:1 between the training and
the test sets) were selected as the test set to build CoMFA
model and CoMSIA model [27,28]. Both training set and test
set are listed in Table 1. To linearly correlate the CoMFA and
CoMSIA fields to all types of molecular properties, PLS ana-
lysis [29] were carried out with the leave-one-out cross-valid-
ation methods to determine cross-validation of r2 (q2) values
and the optimal number of components, which usually corre-
sponds to the highest cross-validated coefficient (q2) and the
smallest root mean predictive sum of squared errors (SEEs)
for the final non-cross-validated models [30]. In addition,
model validation is crucial for predicting the activities of the
compounds in external test series. External and internal valid-
ation to evaluate the quality of the 3D-QSAR model is consid-
ered to be a conclusive proof of the predicted models [31].
Internal validation is used to evaluate the reliability of the
models, while external validation evaluates the predictive
ability of the models [32].

The top-ranked 300 molecules retained from molecule
docking will be further filtered by activity prediction and 3D-
QSAR analysis. Finally, compounds with structural diversity,

Figure 1. Overview of the workflow.
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Table 1. Structures of FIXa inhibitors.

No. mp Structure pKi(nM) No. Structure pKi(nM)

mp
1 5.046 44 8.538

2 5.699 45 8.009

3 3.943 46* 8.208

4 5.07 47 8.432

5 5.11 48 9

6 4.492 49 8.481

7 4.062 50* 7.983

8 4.266 51 7.917

9 3.883 52 7.991

10* 5.69 53 8.161

11 4.726 54 8.229

12 6.585 55 6.573

(continued)
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Table 1. Continued

No. mp Structure pKi(nM) No. Structure pKi(nM)

13 5.674 56* 7.932

14 3.886 57 8.569

15 5.253 58 7.86

16 4.256 59 7.903

17 4.456 60 8.678

18 6.469 61 8.523

19 7.796 62 8.18

20 6.284 63* 8.509

21 6.335 64 8.347

22 4.738 65 8.377

23 4.686 66 7.979

24 5.198 67 8.301

25 7.046 68 8.745

(continued)
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Table 1. Continued

No. mp Structure pKi(nM) No. Structure pKi(nM)

26 6.807 69 7.979

27 6.028 70 7.458

28 71 8.2014.519

29 6.225 72 8.097

30 5.357 73* 8.076

31 7.804 74 8.292

32* 8.041 75 8.921

33 8.444 76 8.62

34 7.818 77* 8.538

35 8.097 78 9.097

36 7.662 79* 8.62

(continued)
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proper binding modes and higher activity were considered
as evaluated hits, which will be selected and tested on bio-
logical activities.

3. Result and discussion

3.1. CBP pharmacophore model and virtual screening

Five pharmacophore models were constructed based on pro-
tein 4Z0K and 86 known FIXa inhibitors. The ligand mole-
cules containing a total of 19 chemical features, of which 5
were related to the receptor. The information of the inter-
action between the inhibitor and the receptor could be
described as DDHHR, representing two hydrogen bond

donors, two hydrogen bond acceptors, and one aromatic
ring center, respectively.

The results of five pharmacophore models were shown in
Table 2, where ‘Sensitivity’ and ‘Specificity’ values represent
the ability of the model to recognize the active and inactive
molecules, respectively. More specifically, the higher scores of
‘Sensitivity’ and ‘Specificity’ indicate the stronger ability of
the model to distinguish active and inactive compounds.
Hence, Pharmacophore_4 with the best ‘Sensitivity’ and
‘Specificity’ was chosen as the optimal pharmacophore
model, which contains four kinds of features: hydrogen bond
acceptors (A), hydrogen bond donors (D), hydrophobic
groups (H), and aromatic rings (R) (Figure 2(A)). Moreover,
Receiver Operating Characteristic (ROC) curve was used to
evaluate the degree of false positivity of screened

Table 1. Continued

No. mp Structure pKi(nM) No. Structure pKi(nM)

37 7.83 80 8.796

38 7.682 81* 8.26

39 7.714 82 8.585

40 8.244 83 9.222

41 8.076 84 8.602

42 7.812 85 8.066

43* 7.866 86 9.222

�Test samples for 3D-QSAR model validation.
3D-QSAR: three-dimensional structure–activity relationship; Ki: the concentration of the inhibitor with
50% inhibitory effect; pKi: negative logarithm of Ki; No.: compound number.
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compounds. The accuracy of the test was shown by measur-
ing the area under the curve (AUC). As shown in Figure 2(B),
AUC score of Pharmacophore_4 model was the highest
among the five CBP pharmacophore models. Therefore,
Pharmacophore_4 desired Quality (0.888, Good) was selected
as the best model, which indicates the model has good pre-
dictive ability and high reliability. As a result,
Pharmacophore_4 model was used to screening the potential
FIXa inhibitors, and 10,480 compounds were selected from
the list for further docking simulation.

3.2. Molecular docking

Docking simulation of FIXa with small molecules was per-
formed using the program of GOLD. The binding modes
were ranked according to the information obtained by differ-
ent scoring constraints. Top 300 compounds of scoring list
were preserved for activity prediction.

3.3. 3D-QSAR models

Results of PLS analysis for CoMFA and CoMSIA models were
shown in Table 3. It shows the CoMFA model including the
contributions of steric field and the electrostatic field with
the q2 value of 0.709, r2 value of 0.949 and optimum number
of components of 7 as well as r2pred value of 0.905, which
confirms the CoMFA model has high reliability and predictive
capacity. The CoMSIA model was based on steric, electro-
static, and hydrogen-bond acceptor fields with cross-valid-
ation correlation coefficient q2 of 0.609, the regression
coefficient r2 of 0.962, optimum number of components of 8
and r2pred value of 0.819, further proving that this model was
reliable and accurate. Therefore, the CoMFA and CoMSIA
models were used to predict activities of compounds and to

guide the synthesis of novel effective and selective
FIXa inhibitors.

3.4. 3D contour maps of QSAR models analysis

Combining the best pharmacophore model_4, docking and
finally activity prediction, this study is able to perform virtual
screening on a dataset of compounds to identify potential
FIXa inhibitors and study the important interactions respon-
sible for binding to FIXa. Scatter plots gave a visual impres-
sion of the region as a whole with the color of each point
indicating the field intensity (Figure 3). The circular spots of
the test set molecules are evenly distributed on both sides of
the regression line (Figure 3), indicating that the model has
good activity prediction ability. In aid of visualization, the
compound 21 as reference structure was displayed in the
map. The results of QSAR models were presented in the con-
tour maps (Figures 4 and 5).

Figure 4(A,B) shows the CoMFA steric and electrostatic
fields of compound 21, respectively, for the 3D-QSAR model.
Green regions indicate areas where steric bulk enhances FIXa
inhibitory activity, whereas yellow regions suggest areas
where increased steric bulk is detrimental to inhibitory activ-
ity. Blue polyhedrons show areas where positive charges are
favored to FIXa inhibitory activity. On the contrary, red poly-
hedrons show areas where the negative charge would bene-
fit the activity.

The best CoMSIA model contour maps of the compound
21, using steric fields, electrostatic fields, and hydrogen-bond

Table 2. The validation results of 5 CBP pharmacophore models.

Pharmacophore Sensitivity score Specificity score

Pharmacophore_1 0.77381 0.80992
Pharmacophore_2 0.77381 0.58264
Pharmacophore_3 0.84524 0.58264
Pharmacophore_4 0.95238 0.64463
Pharmacophore_5 0.76190 0.80579

Figure 2. The results of the pharmacophore. (A) The superimpose of Pharmacophore_4 with small inhibitor molecules. (B) The ROC curve of Pharmacophore_4.

Table 3. The results of PLS analysis for the CoMFA and CoMSIA models.

Statistical parameters CoMFA model CoMSIA model

q2a 0.709 0.609
ONCb 7 8
R2c 0.949 0.962
SEEd 0.385 0.337
Fe 178.691 207.089
r2pred

f 0.905 0.819
Field contributionsg

Steric 0.602 0.310
Electrostatic 0.398 0.326
Acceptor 0.365
aCross-validated correlation; bOptimum number of components; cNon-cross-
validated correlation; dStandard error of estimate; eF-test value; fPredictive
r2; gField contributions: steric, electrostatic, and hydrogen-bond acceptor.
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Figure 3. Graphs of experimental versus predicted pKi (FIXa) via (A) CoMFA, and (B) CoMSIA for 3D-QSAR model.

Figure 4. CoMFA fields for pKi (FIXa) model (A and B).

Figure 5. CoMSIA fields for pKi (FIXa) model. (A) Steric fields. (B) Electrostatic fields. (C) H-bond acceptor fields.

8 P. LI ET AL.



Table 4. The predicted activity values of 6 potential FIXa inhibitors (nM).

No. Structure Pred CoMFA (pKi) Pred CoMSIA (pKi) Res

H1 7.257 7.61 0.353

H2 7.175 8.007 0.832

H3 7.053 7.623 0.570

H4 7.032 7.691 0.659

H5 6.794 7.566 0.772

H6 6.770 7.641 0.871

3D-QSAR: three-dimensional structure–activity relationship; Pred Co MFA: predicted activity by CoMFA; Pred CoMSIA: predicted activity by CoMSIA; pKi:
negative logarithm of Ki; Res: the residual between CoMSIA predicted value and CoMFA predicted value; No.: compound number.

Figure 6. The receptor-ligand interaction of screening compounds the FIXa crystal structure (PDB code 4Z0K). H1–H6 are the binding modes of six-hit molecules
with FIXa, respectively.
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acceptor fields, are shown in Figure 5. Its steric contour
(Figure 5(A)) was similar to that of CoMFA. The compound
21 was surrounded by the yellow contours, suggesting that
it is essential for the molecule to link a small group, while a
small area of green contours indicate that bulky groups
increase activity in this region. Electrostatic contour maps in
CoMSIA are shown in Figure 5(B), in which blue contours
indicate regions where positive groups increase activity,
whereas red contours indicate regions where negative charge
increases activity. In hydrogen-bond acceptor contour plots
(Figure 5(C)), magenta contours represent regions where
hydrogen-bond acceptor substituents were preferred, while

the orange contours indicate that the hydrogen bond
acceptor in this regions are unfavorable [33].

3.5. Activity prediction and analysis

The compounds with predicted activities of nanomole lev-
els in both CoMFA and CoMSIA predictions were consid-
ered to be candidate drug molecules as shown in Table 4.
Figure 6 shows that only the hit molecules H1 and H2 as
well as the original ligand formed an L-shape conformation,
which is crucial for ligand to occupy the S1 binding pocket
of FIXa protein. In terms of polarity interactions mode, a

Figure 7. The binding modes of hit molecules with the FIXa in 2D diagrams. H1–H6 are the binding modes of 6 hit molecules with FIXa, respectively. Green dashed
lines indicate hydrogen-bonding interactions.

Figure 8. The hit molecule H1 (green sticks) was superimposed well with the original ligand 21 (cyan sticks) in the crystal structure.
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hydrogen-bonding interaction formed between the NH of
the amide of first six-hit molecules and residue Gly216 of
FIXa protein (Figure 7). The hit molecule H1 formed two
hydrogen bond interactions with Gly216 (Figure 7, H1) and
had a good superposition with the original ligand of FIXa
(Figure 8), which was consistent with the prediction of
being of the highest activity for this compound. It also
suggested that the hydrogen-bonding interaction of the NH
of the amide with Gly216 is important for binding
with FIXa.

4. Conclusions

Based on a series of molecular modeling methods, this study
found six potential FIXa inhibitors that possessed new skele-
tons distinguished from the reported benzimidazole and pyr-
azolopyridine FIXa inhibitors. Among the six hits, the
molecule H1 is well superimposed with the original ligand
21 in the FIXa crystal protein active cavity and has a high
predictive activity in the CoMFA and CoMSIA models. These
results arising from pharmacophore, molecule docking and
3D-QSAR modeling demonstrate the reliability to explore the
likely binding conformations of the ligand at the active sites
of the protein target and help us better understand the
structural and chemical features of FIXa. This work will pro-
vide us a guideline to design and discover more novel poten-
tial FIXa inhibitors. The bioassay of the screened hits will be
processed in our lab in the future.
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