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Abstract: Factor [Xa (FIXa), a blood coagulation factor, is specifically inhibited at the initiation
stage of the coagulation cascade, promising an excellent approach for developing selective and
safe anticoagulants. Eighty-four amidinobenzothiophene antithrombotic derivatives targeting
FIXa were selected to establish three-dimensional quantitative structure—activity relationship
(3D-QSAR) and three-dimensional quantitative structure—selectivity relationship (3D-QSSR)
models using comparative molecular field analysis and comparative similarity indices analysis
methods. Internal and external cross-validation techniques were investigated as well as region
focusing and bootstrapping. The satisfactory ¢> values of 0.753 and 0.770, and »* values of
0.940 and 0.965 for 3D-QSAR and 3D-QSSR, respectively, indicated that the models are
available to predict both the inhibitory activity and selectivity on FIXa against Factor Xa, the
activated status of Factor X. This work revealed that the steric, hydrophobic, and H-bond factors
should appropriately be taken into account in future rational design, especially the modifica-
tions at the 2’-position of the benzene and the 6-position of the benzothiophene in the R group,
providing helpful clues to design more active and selective FIXa inhibitors for the treatment of
thrombosis. On the basis of the three-dimensional quantitative structure—property relationships,
16 new potent molecules have been designed and are predicted to be more active and selective
than Compound 33, which has the best activity as reported in the literature.

Keywords: CoOMFA, CoMSIA, 3D-QSAR, 3D-QSSR, benzothiophene antithrombosis

Introduction

Arterial and venous thromboses are still the major cause of mortality in clinic,
although tremendous efforts are taken to prevent and treat thrombotic events. Current
anticoagulants such as ticlopidine, clopidogrel, heparin, and warfarin have significant
adverse effects like thrombocytopenia, bleeding, and need for careful patient monitor-
ing, making their therapeutic utility restricted.!> For the past decade, many Factor Xa
(FXa) inhibitors targeting the specific enzymes of the extrinsic common pathway in the
coagulation cascade have been advanced to clinical development, but they remain in the
potential risk category of bleeding and therefore have a narrow therapeutic window.**¢
Factor IXa (FIXa), a vitamin K-dependent blood coagulation factor, is essential for
the amplification or consolidation phase of blood coagulation via activating Factor X
(FX) to FXa in the formation of a thrombus with 50 times more efficiency than Factor
Vlla/tissue factor.”!! The selective inhibition of FIXa is believed to be effective in
intravascular anticoagulation with maintenance of extravascular hemostasis for FIX
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activation, both by the stimulation of the intrinsic system
and by maintaining a low level of tissue factor.>'>'* As an
alternative therapeutic target, FIXa is specifically inhibited at
the initiation stage of the coagulation cascade, promising an
excellent approach for developing selective and safe antico-
agulants. Recently, 2-amidinobenzothiophene derivatives
have been reported as potent F1Xa-selective ligands.'>!®

Three-dimensional quantitative structure—property
relationships (3D-QSPRs) including three-dimensional
quantitative structure—activity relationship (3D-QSAR) and
three-dimensional quantitative structure—selectivity relation-
ship (3D-QSSR) techniques such as comparative molecular
field analysis (CoMFA)'” and comparative similarity indices
analysis (CoMSIA)'® are useful methods of ligand-based
drug design used to correlate physicochemical descriptors
from a set of related compounds to their known molecular
activity or molecular property values.!” These computational
techniques combining 3D information for the ligands have
proved particularly helpful in the design of novel, more potent
inhibitors.?**! Hao et al*> have done some 3D-QSAR work on
the binding mode of benzothiophene analogs such as FIXa
inhibitors, only by CoMFA method without using CoMSIA,
and the predictive CoOMFA model they developed with leave-
one-out cross-validation ¢°=0.52, conventional 72=0.97, and
rzpm ~0.81 still has room for improvement. To our knowl-
edge, there has been no report concerning the application of
a 3D-QSSR methodology to selectivity of FIXa, although
the 3D-QSSR is also crucial for the development of these
FIXa inhibitors. The systematic study on FIXa inhibitors of
3D-QSAR and 3D-QSSR methodologies obtained highly
predictive models, by which 16 new potent molecules have
been designed. The present paper also explored why and
how the target that 2-amidinobenzothiophene derivatives
selectively bind with is not FXa, but is actually FIXa. The
satisfactory 3D-QSAR and 3D-QSSR models of 84 com-
pounds as serine protease enzyme FIXa inhibitors provide
a solid basis for future rational design of more active and
selective anticoagulants.

Materials and methods

Database and biological activity

Eighty-four molecules selected for the present study were
taken from the works of Wang et al.'*'¢ In the 3D-QSAR
analysis in the current study, 12 compounds were randomly
chosen as the test set and the remaining 72 compounds as
the training set. In the 3D-QSSR analysis, 73 compounds
with the half maximal inhibitory concentration (IC,) values
against FIXa and FXa were randomly divided into a test

set of nine compounds and a training set of the remaining
64 compounds. For convenience, the IC, | (FIXa) values were
converted to their negative logarithm (pIC, ) values. The
loglC, (FXa/FIXa) that is the negative logarithm of logIC_,
(FIXa/FXA), can be used as an index for the selectivity
(FIXa/FXA). The pIC,, values have a span of four log units,
from 4.43 to 8.70, while the loglC,  (FXa/FIXa) values have
a span of five log units, from —2.80 to 2.73, indicating the
reliable 3D-QSAR and 3D-QSSR models. The pIC, (FIXa)
and loglC,, (FXa/FIXa) values and chemical structures of
the compounds are shown in Tables 1 and 2.

Molecular structure building

and alignment

Molecular alignment is considered to be one of the most
essential elements that extensively influence the quality and
the predictive ability of the models in CoOMFA and CoM-
STA analyses, although other factors such as lattice shifting
step size, probe atom type, and orientation of the aligned
compounds might have influence on the results as well.?*
A 2-amidinobenzothiophene ring with structural rigidity,
comprising the common core of all molecules in the data
set, was selected as the common substructure to align all of
the molecules (Figure 1). Active conformation selection is a
key step for 3D-QSAR analysis, and in the present study, the
molecular conformation of Compound 33 (the most active
compound) obtained from the molecular docking was used
as the template to build molecular structures of all the com-
pounds. It can be seen from Figure 1 that all the compounds
studied have similar bioactive conformations.

CoMFA methodology

Despite being unable to describe all of the binding forces,
CoMFA is still a widely useful tool for QSPR analysis at 3D
level.” In the present study, the grid spacing was setat2 A in
the X, y, and z directions, and the grid region was automatically
generated to be a 3D cubic lattice that extended at least 4 A
beyond van der Waals volume of all aligned molecules on all
axes. Lennard-Jones potential and Coulomb potential were
employed to calculate steric and electrostatic energies of each
molecule, respectively,'*? and an sp*-hybridized carbon atom
with a +1 charge was used as the probe atom to determine the
magnitude of the field values. The column filtering value of
2.0 kcal/mol and the cutoff value of 30 kcal/mol improved the
signal-to-noise ratio and reduced domination by large steric
and electrostatic energies to a minimum.?' The regression
analysis was carried out using the partial least squares (PLS)
method,?® and the final model was obtained.
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Table | Structures of 2-amidinobenzothiophene derivatives
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Table | (Continued)
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Table | (Continued)
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Table | (Continued)

67

68

69

70%

71

72

73

74

75

76

77*

785

79

80

M e
oE |
\

SN

8¢

-4

-

386

Q

:

I T |
I o I o | "z T
b b S
Q (e} o
O (@] o
n
l m -

(Continued)

1748 submit your manuscript

Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

New anticoagulants as selective FIXa inhibitors

Table | (Continued)
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Notes: *Test samples for 3D-QSAR model validation; “test samples for 3D-QSSR model validation.
Abbreviations: 3D-QSAR, three-dimensional structure—activity relationship; 3D-QSSR, three-dimensional structure—selectivity relationship.

CoMSIA methodology
CoMSIA and CoMFA are both based on the same assump-
tion that changes in binding affinities of ligands are related
to changes in molecular properties, represented by fields.
However, CoMFA only describes the two binding forces
of the steric field and electrostatic field, but three other dif-
ferent fields including hydrophobic, hydrogen bond donor,
and hydrogen bond acceptor are calculated in CoMSIA.?*
For the distance dependence between the probe atom and
the molecule atoms, a Gaussian function is used. Because of
the different shape of the Gaussian function, the similarity
indices can be calculated at all grid points, both inside and
outside the molecular surface, while the calculations are not
done inside the molecular surface in CoMFA. Equation 1 is
used to calculate the similarity indices as follows:

Aa

FKG)

- Wprobe,k I/Vik e_arlq (1 )

where 4 is the similarity index at grid point ¢, summed over
is the

robe,k

probe atom with radius 1 A, charge +1, hydrophobicity +1,

all atoms i of the molecule j under investigation. w,

hydrogen bond donating +1, and hydrogen bond accept-
ing +1. W, is the actual value of the physicochemical property
k of atom i. rzl.q is the mutual distance between the probe
atom at grid point ¢ and atom 7 of the test molecule. «is the

PLS analysis

To linearly correlate the COMFA and CoMSIA fields to all
types of molecular properties, PLS analysis?* was carried
out with the leave-one-out and leave-group-out (ten com-
pound groups) cross-validation methods to determine
cross-validated 7 (¢?) values and the optimal number of
components, which usually corresponds to the highest
cross-validated coefficient (¢°) and the smallest root mean
predictive sum of squared errors for the final non-cross-
validated models. To avoid over-fitting the models, a
higher number of components was accepted only when the
¢? differences between two components were larger than
10%. Bootstrapping analysis (ten runs) was also utilized to
calculate confidence intervals for the 7? and standard errors
of estimate to further assess the robustness of the derived
models.?*?* Equations 2 and 3 of ¢* and standard errors of
estimate, respectively, are given below.

_ Z(Y(;bs B Ypre )?
z (Yobs - Ymean )2

where Y, , Y and Y  are experimental, predicted, and
obs pre mean

q° =1 )

mean values of the target property for pIC, (FIXa) or logIC,,
(FXa/FIXa), respectively, and

attenuation factor whose optimal value is normally between SEE = PRESS 3)
0.2 and 0.4, with a default value of 0.3.27:2 n—c—1
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Table 2 The experimental inhibitory activity, selectivity, and the predicted values

Compd Meas pIC,, Pred for 3D-QSAR Meas loglC, Pred for 3D-QSSR
no (FIXa) CoMFA  Res CoMSIA  Res (FXalFIXa) CoMFA  Res CoMSIA  Res
| 5.28 5.27 -0.01 5.30 0.02 1.28 1.45 0.17 1.35 0.07
2%# 6.30 6.55 0.25 6.6l 0.31 1.44 1.17 -0.27 1.19 -0.25
3 5.08 5.18 0.10 5.21 0.13 - - - - -
4 6.00 5.89 —0.11 6.29 0.29 0.53 0.39 -0.14 0.55 0.02
Sk 6.77 7.07 0.30 7.19 0.42 -0.05 —-0.35 -0.30 -0.17 —0.12
6 6.41 6.54 0.13 6.66 0.25 0.39 0.40 0.01 0.43 0.04
7 6.85 6.69 -0.16 6.56 -0.29 —-0.30 —0.41 —0.11 -0.25 0.05
8 6.89 701 0.12 7.00 0.11 0.35 0.15 -0.20 0.36 0.0l
9 6.85 6.92 0.07 6.90 0.05 2.55 2.26 -0.29 2.25 —-0.30
10 6.38 6.32 -0.06 6.24 -0.14 —2.21 -2.37 —-0.16 -2.38 -0.17
I 6.43 6.75 0.32 6.8l 0.38 —-2.80 -3.42 —-0.62 -2.76 0.04
12 6.54 6.43 —0.11 6.36 —-0.18 -2.76 -3.21 —0.45 -3.01 -0.25
13 6.57 6.75 0.18 6.83 0.26 1.17 1.37 0.20 1.12 —0.05
14 6.80 6.73 -0.07 6.69 —0.11 1.44 1.68 0.24 1.39 —0.04
15 6.47 6.30 -0.17 6.35 —-0.12 0.58 0.91 0.33 0.67 0.09
16 7.00 727 0.27 7.47 0.47 0.38 0.19 -0.19 0.28 -0.10
17 7.30 7.25 -0.05 7.05 -0.25 1.05 1.49 0.44 1.00 -0.05
18 7.54 7.33 -0.21 7.3 -0.24 1.52 1.21 —0.31 1.67 0.15
19 6.57 6.23 -0.34 6.33 -0.24 0.8l 0.99 0.18 0.89 0.08
20%# 7.01 6.77 -0.24 6.48 -0.53 0.86 0.70 —-0.16 0.78 -0.08
21 7.55 7.56 0.0l 7.67 0.12 I.11 1.47 0.36 1.01 -0.10
22 8.00 8.12 0.12 8.34 0.34 226 2.86 0.60 233 0.07
23 721 7.53 0.32 7.48 0.27 I.13 1.29 0.16 1.32 0.19
24 8.30 8.29 -0.01 8.25 -0.05 2.04 2.18 0.14 1.95 —-0.09
25 7.60 7.87 0.27 7.98 0.38 1.72 1.89 0.17 1.70 -0.02
26 8.10 8.06 -0.04 8.26 0.16 233 2.00 -0.33 235 0.02
27 8.10 8.19 0.09 8.0l -0.09 2.17 2.08 -0.09 2.14 —-0.03
28 8.30 8.55 0.25 8.64 0.34 2.20 2.75 0.55 229 0.09
29 8.40 8.13 -0.27 8.08 -0.32 234 2.05 -0.29 243 0.09
30 8.00 8.46 0.46 8.6l 0.6l 2.19 1.84 —-0.35 225 0.06
3 8.40 8.34 -0.06 8.47 0.07 231 2.66 0.35 234 0.03
32 8.52 822 -0.30 8.19 -0.33 2.58 2.47 —0.11 245 —0.13
33 8.70 8.96 0.26 9.24 0.54 2.56 272 0.16 2.64 0.08
34 8.10 7.84 -0.26 7.69 —0.41 201 242 0.41 222 0.21
35 8.52 8.56 0.04 8.69 0.17 2.07 1.95 -0.12 2.05 -0.02
36 8.15 8.20 0.05 8.38 0.23 233 271 0.38 241 0.08
37 8.15 8.02 -0.13 7.88 -0.27 227 2.11 -0.16 2.20 -0.07
38%# 7.92 749 -0.43 737 —-0.55 232 2.04 -0.28 230 —-0.02
39 8.00 8.08 0.08 8.27 0.27 231 2.13 -0.18 2.19 -0.12
40 8.05 7.90 -0.15 8.35 0.30 224 2.23 —-0.01 2.25 0.0l
41 8.30 8.23 -0.07 8.07 -0.23 2.40 244 0.04 234 —-0.06
42 8.10 8.0l -0.09 791 —-0.19 2.55 2.86 0.31 2.60 0.05
43 7.96 8.02 0.06 8.35 0.39 2.07 222 0.15 201 —-0.06
44 8.30 8.15 -0.15 8.03 -0.27 2.68 3.06 0.38 3.00 0.32
45 8.52 8.44 -0.08 8.27 -0.25 2.73 2.6l -0.12 2.66 -0.07
46 7.8l 7.98 0.17 8.08 0.27 2.01 1.90 —0.11 1.99 —-0.02
47 8.36 8.43 0.07 8.55 0.19 2.68 2.45 -0.23 2.53 —0.15
48 8.10 7.99 —0.11 8.47 0.37 2.23 1.96 -0.27 2.03 -0.20
49%# 6.02 6.22 0.20 6.21 0.19 1.36 0.83 —-0.53 1.01 —-0.35
50 4.92 4.53 -0.39 4.58 —0.34 - - - - -
51 5.82 6.00 0.18 6.21 0.39 0.60 0.64 0.04 0.59 -0.01
52 6.10 6.34 0.24 6.29 0.19 0.51 0.66 0.15 0.55 0.04
53 5.80 5.68 -0.12 5.53 -0.27 - - - - -
(Continued)
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Table 2 (Continued)

Compd Meas pIC Pred for 3D-QSAR Meas logIC Pred for 3D-QSSR

P P 50 g 50

no (FIXa) CoMFA  Res CoMSIA  Res (FXalFIXa) CoMFA  Res CoMSIA  Res
54 5.10 523 0.13 535 0.25 - - - - -

55 523 523 0.00 529 0.06 0.30 0.4 0.10 041 0.11
56 572 5.90 0.18 6.09 0.37 0.29 037 0.08 0.30 0.0l
57+# 5.42 5.33 -0.09 5.55 0.13 0.59 0.91 0.32 0.82 0.23
58 542 5.44 0.02 5.51 0.09 —-0.80 -0.93 -0.13 -0.77 0.03
59 4.62 4.11 -0.51 4.03 -0.59 - - - = -
60* 4.64 4.86 0.22 4.93 0.29 - - - - -

6l 6.17 6.0l -0.16 6.12 —-0.05 0.96 .11 0.15 1.06 0.10
62 6.15 6.19 0.04 6.21 0.06 1.02 0.94 —-0.08 0.98 —-0.04
63 5.14 5.04 -0.1 5.14 0 - - - - -

64 6.05 6.25 0.2 6.22 0.17 0.68 0.77 0.09 0.70 0.02
65 6.35 6.46 0.11 6.5 0.15 0.8l 1.08 0.27 0.88 0.07
66 443 4.03 —-0.40 4.07 -0.36 - - - - -

67 6.35 6.51 0.16 6.53 0.18 0.98 0.82 -0.16 0.89 -0.09
68 6.60 6.61 0.0l 6.44 -0.16 1.72 1.51 -0.21 1.56 -0.16
69 6.05 6.00 -0.05 6.5 0.45 0.94 1.35 0.41 1.04 0.10
70%* 4.95 4.8l -0.14 4.83 -0.12 - - - - -

71 6.35 6.37 0.02 6.38 0.03 I.10 1.19 0.09 1.20 0.10
72 7.12 7.17 0.05 7.01 —-0.11 0.15 0.22 0.07 0.24 0.09
73 7.51 7.47 -0.04 7.55 0.04 0.25 0.09 -0.16 0.16 -0.09
74 4.67 5.01 0.34 5.14 0.47 - - - - -

75 5.98 6.05 0.07 6.03 0.05 0.50 0.43 -0.07 0.49 -0.01
76 6.46 6.44 -0.02 6.52 0.06 0.52 0.6l 0.09 0.60 0.08
77* 495 4.87 —-0.08 4.69 -0.26 - - - - -
78+# 5.70 5.73 0.03 5.81 0.11 1.36 1.98 0.62 1.64 0.28
79 7.40 7.29 -0.11 73 0.1 0.04 0.01 -0.03 0.0l -0.03
80%*# 7.68 8.19 0.51 823 0.55 1.64 1.29 -0.35 1.05 -0.59
8l 7.70 7.75 0.05 7.85 0.15 -0.07 -0.3 -0.23 —0.11 —-0.04
82 7.55 7.53 -0.02 7.61 0.06 0.07 0.15 0.08 0.05 -0.02
83 7.44 741 -0.03 7.42 -0.02 0.0l 0.10 0.09 0.10 0.09
84 8.52 8.50 -0.02 8.71 0.19 0.92 1.13 0.21 1.00 0.08

Notes: *Test samples for 3D-QSAR model validation; “test samples for 3D-QSSR model validation.
Abbreviations: 3D-QSAR, three-dimensional quantitative structure—activity relationship; 3D-QSSR, three-dimensional structure—selectivity relationship; IC,, half-maximal
inhibitory concentration; pIC,, negative logarithm of IC, ; logIC,, negative logarithm of pIC_; FXa, Factor Xa; FIXa, Factor IXa; CoMFA, comparative molecular field analysis;

CoMSIA, comparative similarity indices analysis; Res, residue; Pred, predicted activity; Meas, measured activity; Compd no, compound number.

where n, ¢, and PRESS (predicted sum of squares) represent _ = 2
SD - Z (Yobs(test) - thmining ) (5)
mean number of compounds, number of components, and

Y —Y )2 respectively.
Z( obs pVE) p y Where Yubx(text)

set,and ¥, e indicates the average activity values of the

rainin;

means the observed activity values of the test

Predictive correlation coefficient

o training set.
The ¢? has been a good indicator of the accuracy of actual &

predictions: ¢g>>>0.6 means a fairly good model, ¢°=0.4-0.6

means a questionable model, and ¢?’<0.4 means a poor Results and discussion

model.* g% is a useful but not sufficient criterion for model
validation, so external test sets?® were needed to estimate
the model’s predictive ability. The predictive correlation
coefficient (’fmd)’ based on the molecules of the test set,
was calculated by Equations 4 and 5, shown below:

r2,, =1-(PRESSISD) 4)

CoMFA analysis for 3D-QSAR and
3D-QSSR models

The most active Compound 33 was selected as the template
for alignment (Figure 1). The CoOMFA model provided a cross-
validation ¢ value of 0.713 with six components, and the 7*
value of 0.945 for the inhibitory activity as characterized by
pIC,, (FIXa), whereas a model with the ¢* value of 0.689 for
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Figure | A 2-amidinobenzothiophene ring with structural rigidity, comprising the common core of all molecules in the data set, was selected as the common substructure
to align all of the molecules (A) Template used for molecular alignment of benzothiophene derivatives (Compound 33). (B) Molecular alignment.

five components and the * value 0f 0.942 was obtained for the
selectivity characterized by loglC, (FXa/FIXa) (Table 2).

After region focusing, the new models were generated
with the predictive power (¢?) value increased, the resolution
enhanced, the grid spacing tighter, and the stability improved
at a higher number of components. The CoMFA contours for
Compound 33 after region focusing are shown in Figure 2.
The internal validity were increased from 0.713 to 0.753 for
3D-QSAR, and from 0.689 to 0.770 for 3D-QSSR, and the
group cross-validation was increased from 0.740 to 0.768
and 0.581 to 0.765, respectively, with the non-validated 72
increased from 0.942 to 0.965 for the 3D-QSSR model and a
negligible effect for the 3D-QSAR model increasing its value
from 0.945 to 0.940 (Table 3). The inhibitory activity values
predicted for the tested compounds were in good agreement
with the experimental values (Figure 3). The rjre , values of
0.757 (3D-QSAR) and 0.678 (3D-QSSR) further confirmed
that the two models were both reliable and accurate, with
higher predictive capacity. Therefore, the pIC,  (FIXa) and
logIC, (FXa/FIXa) model will be used to predict the activity
and guide future synthetic efforts on novel potent and selec-
tive FIXa inhibitors.

CoMSIA analysis for 3D-QSAR and
3D-QSSR models

Eighteen and eleven CoMSIA models were generated for
3D-QSAR and 3D-QSSR, respectively, using combinations

of two, three, four, and all five descriptor fields, as shown in
Table 4. In 3D-QSAR, Model 11, which was based on steric,
hydrophobic, and hydrogen-bond acceptor fields, was found
to be the most accurate, yielding a ¢* value of 0.735 and an
72 value of 0.966, and the group cross-¢> value of 0.723 and
bootstrapped value of 0.98020.005 confirmed model accu-
racy. In comparison, Model 9 in 3D-QSSR based on steric,
hydrophobic, and hydrogen-bond acceptor and donor fields,
was the most accurate, with a ¢? value of 0.837, an 2 value
of 0.973, a group cross-¢* value of 0.854, and a bootstrapped
value of 0.977+0.007 (Table 5). The predicted values were
also consistent with the experimental data (Figure 3). These
two models were subsequently selected to generate the final
CoMSIA models.

3D contour maps of QSAR and QSSR

Scatter plots gave a visual impression of the region as a
whole, with the color of each point indicating the field
intensity. The results of QSAR models are presented in the
contour maps, as shown in Figures 2 and 4, while 3D-QSSR
contour maps are shown in Figures 2 and 5.

CoMFA contour maps for pIC, (FIXa) in the
3D-QSAR model

Figure 2 shows the CoMFA steric and electrostatic fields
of Compound 33 for the 3D-QSAR model. The green
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Figure 2 CoMFA fields for pIC,  (FIXa) model (A and B) and loglC, (FXa/FIXa) model (C and D) in combination with Compound 33 after region focusing. Electrostatic
fields (A and C): blue fields indicate electropositive groups favored, red fields indicate electronegative groups favored. Steric fields (B and D): green fields indicate steric bulk

favored, yellow fields indicate steric bulk disfavored.

Abbreviations: ICSO, half-maximal inhibitory concentration; pICse, negative logarithm of ICSO; IogICSO, negative logarithm of ICSO(FIXaIFXa ); FXa, Factor Xa; FIXa, Factor
1Xa; CoMFA, comparative molecular field analysis; CoMSIA, comparative similarity indices analysis; 3D-QSAR, three-dimensional quantitative structure—activity relationship;

3D-QSSR, three-dimensional quantitative structure—selectivity relationship.

contours located around the two aromatic rings linked
to the side chain of benzothiophene characterized the
regions where bulky substituents would increase bio-
logical activity, and this could explain Compounds 24-47
consisting of two aromatic rings about 100 times more
active than other compounds, such as Compounds 1-4
and Compounds 52-61 without the substituents. That
is to say, the two aromatic rings are essential groups of
2-amidinobenzothiophene derivatives for its inhibitory
activity on FIXa.

The red and blue contours in Figure 2 depict the favor-
able sites for electronegative and electropositive groups,
respectively. A large blue contour located around the
distal side chain at the 2’-position of R group (phenyl
ring) in Compound 33 indicated regions where positively
charged groups were favorable for the activity, and that is
why Compound 22 was less active than the Compound 33
with isobutyl group at the site. Many red contours either
encircling the benzothiophene ring or around the side chain
indicated that electron-rich substituents for these positions
were favorable for the activity. That is the reason why
Compound 84, linked with the negatively charged group,
showed better activity, only a little lower than the most
active Compound 33.

CoMSIA contour maps for pIC50 (FIXa) in the
3D-QSAR model

The best CoMSIA model contour maps of the Com-
pound 33, derived using steric, hydrophobic, and hydro-
gen bond acceptor fields, are shown in Figure 4. Its steric
contour (Figure 4A) was more or less similar to that
of CoMFA. Hydrophobic contour maps from CoMSIA
are shown in Figure 4B, in which the purple and the
gray contours depicted favored and disfavored sites for
hydrophobic substituents, respectively. The Compound
33 was surrounded by the gray contours, suggesting that
it is essential for the benzothiophene ring to link with
some hydrophilic groups such as amino, carboxyl, and
oxygen atoms. Therefore, Compounds 81-84 exhibited
better activity than Compounds 54—61. Figure 4C shows
the CoMSIA hydrogen-bond acceptor fields, denoted by
magenta and cyan contours. Magenta contours represent
regions where hydrogen-bond acceptor substituents were
preferred, and cyan contours indicate unfavorable regions.
One large magenta contour around the side chain indicates
that the carboxyl group was necessary for potencies, and
that is why Compounds 20-48 showed more potency than
Compounds 62—73 without carboxyl groups at the side
chain. The CoMSIA steric field, hydrogen-bond acceptor,
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Table 3 Statistical results of CoMFA for 3D-QSAR and 3D-QSSR models

3D-QSAR 3D-QSSR
CoMFA-| (before CoMFA-2 (after CoMFA-I| (before CoMFA-2 (after
region focusing) region focusing) region focusing) region focusing)
PLS statistics
LOO cross g*/SEP 0.713/0.638 0.753/0.592 0.689/0.684 0.770/0.592
Group cross g*/SEP 0.740/0.608 0.768/0.607 0.581/0.794 0.765/0.599
Non-validated r*/SEE 0.945/0.278 0.940/0.292 0.942/0.295 0.965/0.232
F 205.046 215.821 224.464 309.797
rzbootstrap 0.970+0.01 1 0.969+0.01 1 0.961+0.016 0.976+0.007
bootstrap 0.255+0.120 0.200+0.110 0.236+0.136 0.199+0.111
N 6 6 6 6
Field distribution, %
Steric 74.8 66.3 65.4 56.7
Electrostatic 25.2 33.7 34.6 433
r 0.757 0.678

pred

Notes: N is the optimal number of components r? is the average of correlation coefficient for 100 samplings using the bootstrapping procedure. S is the average

bootstrap
standard error of estimates for 100 samplings using the bootstrapping procedure.

Abbreviations: CoMFA, comparative molecular field analysis; 3D-QSAR, three-dimensional structure—activity relationship; 3D-QSSR, three-dimensional structure—
selectivity relationship; SEE, standard error of estimation; F, the F-test value; r2. _, the predictive correlation coefficient; g, the cross-validated coefficient; r, the non-cross-

validated coefficient; PLS, partial least squares; LOO leave-one-out.

bootstrap

pred’

and hydrophobic field explained 27.0%, 26.5%, and 46.5%  phenyl in the R group, suggesting that bulky substituents

of the variances, respectively. linked to this position would improve the selectivity of

compounds on FIXa against FXa (Figure 2). Compound 33
CoMFA contour maps for loglC, (FXa/FIXa) inserted a butylaminomethyl group at the 2’-position into the
in the 3D-QSSR model green area, and Compounds 46 and 47 similarly inserted an

The CoMFA steric contour map of the Compound 33 dis-  ethylaminomethyl and an i-propylaminomethyl group into
played a large green polyhedron at the 2’-position of the  the same area, respectively, and therefore showed the best
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Figure 3 Graphs of experimental versus predicted plC, (FIXa) via (A) CoMFA, and (B) CoMSIA for 3D-QSAR model, and graphs of experimental versus predicted loglC,
(FXa/FIXa) via (C) CoMFA, and (D) CoMSIA for 3D-QSSR model.

Abbreviations: ICSO, half-maximal inhibitory concentration; pICso, negative logarithm of ICSO; FIXa, Factor IXa; CoMFA, comparative molecular field analysis; CoMSIA,
comparative similarity indices analysis; 3D-QSAR, three-dimensional quantitative structure—activity relationship; loglC, , negative logarithm of pIC,; FXa, Factor Xa; 3D-
QSSR, three-dimensional quantitative structure—selectivity relationship.
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Table 4 Results of CoMSIA models using combinations of the five field descriptors for 3D-QSAR model

Model Descriptors LOO cross Group cross Bootstrapped Bootstrapped Non-validated
q*/SEP q*/SEP r SEE r’ISEE
| Sand E 0.534/0.797 0.519/0.810 0.727+0.026 0.616+0.236 0.720/0.618
2 Dand A 0.627/0.713 0.626/0.7 14 0.832+0.022 0.482+0.199 0.766/0.565
3 S,E,and H 0.573/0.763 0.581/0.756 0.810+0.078 0.508+0.310 0.735/0.601
4 S,E,and A 0.599/0.739 0.617/0.723 0.808+0.045 0.496+0.234 0.737/0.599
5 S,E,and D 0.646/0.695 0.644/0.697 0.836+0.035 0.477+0.204 0.766/0.565
6 D, A, and H 0.701/0.652 0.700/0.653 0.97340.007 0.199+0.092 0.954/0.255
7 D, A and S 0.707/0.641 0.710/0.639 0.975+0.010 0.193£0.104 0.971/0.232
8 D,A and E 0.579/0.763 0.603/0.736 0.805+0.022 0.516+0.172 0.748/0.586
9 S,D,and H 0.716/0.636 0.705/0.639 0.932+0.015 0.308+0.139 0.960/0.240
10 E,D,and H 0.576/0.765 0.539/0.793 0.922+0.017 0.3360.151 0.883/0.402
I S,A and H 0.735/0.613 0.723/0.628 0.980+0.005 0.173+0.091 0.966/0.220
12 E, A and H 0.569/0.766 0.591/0.746 0.860+0.047 0.449+0.254 0.755/0.578
13 S,E,D,and A 0.643/0.698 0.636/0.704 0.81940.035 0.511+0.246 0.764/0.567
14 S,E,D,and H 0.644/0.697 0.645/0.696 0.842+0.036 0.470+0.245 0.777/0.552
15 S,E,A,andH 0.637/0.713 0.646/0.704 0.958+0.012 0.245%0.131 0.933/0.307
16 D, A, H,and S 0.684/0.656 0.689/0.651 0.875+0.019 0.403+0.187 0.818/0.498
17 D,A H,and E 0.610/0.730 0.612/0.728 0.85110.042 0.451+0.238 0.781/0.547
18 S,E,D,A and H 0.662/0.688 0.701/0.647 0.954+0.014 0.252+0.138 0.929/0.316

Abbreviations: S, steric field; E, electrostatic field; D, H-bond donor field; A, H-bond acceptor field; H, hydrophobic field; CoMSIA, comparative similarity indices analysis;
3D-QSAR, three-dimensional structure—activity relationship; LOO, leave-one-out cross-validation; SEE, standard errors of estimate; SEP, standard errors of prediction.

selectivity. A large yellow polyhedron around the benzo-
thiophene ring indicated that bulk was disfavored here for
the selectivity on FIXa, which could explain why the Com-
pounds 51, 57, and 58 with some bulk groups substituted at
the benzothiophene ring showed lower selectivity.

Figure 2 also indicated that the compounds with
electropositive groups at the 2’-position increased not
only the activity but also the selectivity. Both the Com-
pound 32 with a methylaminomethyl group substituted
at 2’-position of the phenyl ring and Compound 33 with
a butylaminomethyl substituent showed relatively higher
activity and selectivity. These results also could explain
why the Compounds 44 and 47 had the best selectivity
and much more activity.

CoMSIA contour maps for loglC, | (FXa/FIXa)

in the QSSR model

The best CoMSIA model contour maps, derived using
steric, hydrophobic, and hydrogen bond donor and hydro-
gen bond acceptor fields, are shown in Figure 5. The
steric contour plots (Figure 5A) correlated well with its
CoMFA contour maps. The hydrophobic contour maps
with the purple contour indicating favored sites and the
gray contour indicating disfavored sites are shown in
Figure 5B. The combined information from Figures 4B
and 5B indicated that the hydrophobic substituents at the
3’-position and the hydrophilic groups at the 2’-position
of the phenyl ring increased not only increased the activ-
ity, but also increased the selectivity. That is the reason

Table 5 Results of CoMSIA models using combinations of the five field descriptors for the 3D-QSSR model

Model Descriptors LOO cross Group cross Bootstrapped Bootstrapped Non-validated
q*/SEP q*/SEP r SEE r’ISEE
I Sand E 0.709/0.66 0.712/0.657 0.940+0.025 0.280+0.165 0.907/0.373
2 Dand A 0.677/0.694 0.686/0.698 0.927+0.031 0.302+0.171 0.900/0.374
3 S,E,and H 0.789/0.567 0.756/0.610 0.971+0.012 0.198+0.089 0.953/0.269
4 S,E,and A 0.786/0.568 0.775/0.582 0.953+0.014 0.259+0.131 0.922/0.343
5 S,E,and D 0.742/0.627 0.724/0.649 0.96610.013 0.208+0.124 0.941/0.300
6 S,E, D,and A 0.816/0.525 0.790/0.56 1 0.965+0.009 0.255+0.117 0.938/0.306
7 S,E D,and H 0.790/0.566 0.788/0.568 0.974+0.009 0.190£0.102 0.961/0.244
8 S,E, A and H 0.789/0.568 0.782/0.572 0.954+0.017 0.263%0.137 0.955/0.261
9 D, A H,andS 0.837/0.499 0.854/0.472 0.977+0.007 0.169+0.075 0.973/0.204
10 D,A H,and E 0.822/0.52 0.774/0.587 0.975+0.009 0.183£0.096 0.958/0.254
Il S,E,D,A and H 0.820/0.523 0.808/0.541 0.970+0.010 0.182+0.101 0.961/0.245

Abbreviations: S, steric field; E, electrostatic field; D, H-bond donor field; A, H-bond acceptor field; H, hydrophobic field; CoMSIA, comparative similarity indices analysis;
3D-QSSR, three-dimensional structure—selectivity relationship; LOO, leave-one-out cross-validation; SEE, standard errors of estimate; SEP, standard errors of prediction.
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Figure 4 CoMSIA fields for pIC, (FIXa) model. The CoMSIA fields from Model || are shown with active Compound 33.

Notes: (A) Steric fields; green indicates steric bulk favored, yellow indicates steric bulk disfavored. (B) Hydrophobic fields; purple indicates hydrophobic groups favored, gray
fields indicate hydrophilic groups favored. (C) H-bond acceptor fields; magenta indicates acceptor favored, cyan indicates acceptor disfavored.

Abbreviations: IC50, half-maximal inhibitory concentration; CoMSIA, comparative similarity indices analysis; pIC,;, negative logarithm of IC,; FIXa, Factor [Xa.

why Compounds 44 and 47, possessing alkylamino and
methyl group at the 2’, 3’-position, respectively, showed
the highest selectivity and almost the strongest activity,
nearly three times more than Compound 45 with a hydro-
philic ethoxyl group at the 3’-position and a hydrophobic
methyl group at the 2’-position. Figure 5C and D give

the combined information that the amide group at the
side chain was an essential group for a high selectivity
on FIXa. The contributions of the steric, hydrophobic,
hydrogen bond donor, and hydrogen bond acceptor to
the final model were 25.5%, 23.0%, 23.6%, and 27.9%,
respectively.

Figure 5 CoMSIA fields for loglC, | (FXa/FIXa) model. The CoMSIA fields from Model 9 are shown with active Compound 33.
Notes: (A) Steric fields; green indicates steric bulk favored, yellow indicates steric bulk disfavored. (B) Hydrophobic fields; purple indicates hydrophobic groups favored,
gray regions indicate hydrophilic groups favored. (C) H-bond donor fields; blue indicates donor favored, red indicates donor disfavored. (D) H-bond acceptor fields; magenta

indicates acceptor favored, cyan indicates acceptor disfavored.

Abbreviations: IC50, half-maximal inhibitory concentration; CoMSIA, comparative similarity indices analysis; logIC,;, negative logarithm of pIC

Factor IXa.

FXa, Factor Xa; FIXa,

50’
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Table 6 Structures and predicted pIC, values of newly designed derivatives
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Abbreviations: IC,;, half-maximal inhibitory concentration; pIC,;, negative logarithm of IC_; loglC,, negative logarithm of pIC, ; FXa, Factor Xa; FIXa, Factor IXa; CoMFA,

comparative molecular field analysis; CoMSIA, comparative similarity indices analysis; Pred, predicted activity.
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Designing potent derivatives

Based on the 3D-QSARs and 3D-QSSRs revealed by the
present study, 16 novel 2-amidinobenzothiophene deriva-
tives were designed. These molecules were aligned to the
database, and their activity and selectivity on FIXa were
predicted by the best COMFA and CoMSIA models previ-
ously established in the current study. All of the designed
molecules showed better activity and selectivity compared
with Compound 33, especially Compounds D2, D8, and
D12, which showed 40 times more activity and 60 times
more selectivity, respectively. The chemical structures and
predicted pIC,  and logIC,  (FXa/FIXa) values of these
compounds are shown in Table 6. The predictive results
may validate the structure—activity and structure—selectivity
relationships in this present work.

Conclusion

Based on a series of 2-amidinobenzothiophenes with FIXa
and FXa inhibitory activity, and the selectivity on FIXa, the
predictive 3D-QSAR and 3D-QSSR models with high cross-
validation correlation coefficient ¢> and non-cross-validation
correlation coefficient ? values have been developed. Along
with further testing, the obtained 3D-QSAR and 3D-QSSR
models showed their significance in predicting the inhibitory
activity and selectivity of amidinobenzothiophene derivatives
on FIXa. It was concluded that both the electrostatic and hydro-
phobic fields should be considered more appropriately; in par-
ticular, the electropositive and hydrophilic substituents at the
2’-position and the hydrophobic groups at the 3’-position of the
phenyl ring would improve the activity and selectivity of the
compounds. On the basis of the 3D-QSPRs, 16 newly designed
molecules predicted higher activity and selectivity than the best
active Compound 33 described in the literature.
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