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Abstract—A series of indole/benzoimidazole-5-carboxamidines have been reported to inhibit various trypsin-like serine proteases
viz. uPA, tPA, factor Xa, thrombin, plasmin, and trypsin, which are involved in various types of pathophysiological conditions such
as cancer progression, thrombosis etc. Inhibition of these protease enzymes may serve as therapeutic agents in various types of can-
cer as well serve as anticoagulant or antithrombotic agents. The dual inhibitory action may result in poor clinical candidates. 3D-
QSAR models were generated for indole/benzoimidazole-5-carboxamidines using the CoMFA technique to study their selectivity
trends toward various trypsin-like serine proteases. Molecular superimposition was carried out on the template structure using
atom-based RMS fit method. The CoMFA models were established from the training set of 25–29 molecules and validated by pre-
dicting the activities of seven–eight test set molecules. The CoMFA models generated using steric and electrostatic fields for tPA,
fXa, thrombin, plasmin, and trypsin inhibition exhibited better statistical significance than the CoMFA models generated using
ClogP as an additional descriptor. Thus, the validated CoMFA models with steric and electrostatic fields were used to generate
3D contour maps, which may provide possible modification of molecules for better selectivity/activity. The present 3D-QSAR stud-
ies emphasize the selectivity trends of indole/benzoimidazole-5-carboxamidines, which may be obliging in designing novel selective
serine protease inhibitors of therapeutic interest.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Trypsin-like serine protease plays the central role in a
wide range of biological processes and the upregulation
of the members of this superfamily is therefore an
attractive target for the development of potential thera-
peutic agents. Most of these targets and their anti-tar-
gets are characterized depending on the presence of
amino acid residues (threonine, serine, or alanine) at
the position 190 of S1 site. Within this superfamily of
proteolytic enzymes, several potential drug targets viz.
the fibrinolytic enzyme, plasmin and its activators, uro-
kinase-type plasminogen activator (uPA), tissue-type
plasminogen activator (tPA), the precoagulant enzyme
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factor Xa (fXa), IXa, VIIa, IIa (thrombin), trypsin,
and the anticoagulant activated protein C, etc., have
been identified. uPA, trypsin, and tryptase possess serine
residue, whereas tPA, thrombin, and fXa posses an ala-
nine residue at position 190.

The fibrinolytic system of mammalian blood comprises
of an inactive proenzyme plasminogen, which is con-
verted to an active enzyme plasmin by two immunolog-
ically distinct physiological plasminogen activators: tPA
and uPA. The function of plasminogen activators in bio-
logical processes other than the extracellular activation
of plasminogen has been proposed based on differences
in the tissue distribution of these two forms of plasmin-
ogen activators.1 The process of plasminogen activation
is central to both extracellular matrix remodeling and
the cell invasiveness mediated by uPA,2,3 while fibrinoly-
sis in vascular space is mediated by tPA.4–6

Plasmin, a broad spectrum protease degrades most of
the protein components of the extracellular matrix
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(ECM) directly by removing the glycoproteins from
ECM or by activation of matrix metalloproteinases
(MMPs). It converts inactive MMPs to the active form
responsible for ECM proteolysis and prevents neutral-
ization of the MMP blocking the metalloproteinase
inhibitors.7,8 Several malignant tumors including human
malignant gliomas have shown to produce uPA9,10 and
the cells possess specific receptor for uPA, that is, uPAR
provides an inducible, transient and localized cell sur-
face for proteolytic activity. Tumor invasiveness and
metastasis can be blocked by direct reduction of uPA
activity.11–13 It is also a prognostic marker in the human
breast, lung cancer and gliomas where high levels of
uPA are associated with decreased survival.10,14 Because
of its involvement in tumor metastasis and invasion,
uPA has emerged as a novel therapeutic target for
cancer.15

The other protease enzyme human fXa located at the
convergence of the intrinsic and extrinsic blood coagula-
tion pathways catalyze the activation of prothrombin to
thrombin,16,17 and flaunts a major role in thrombosis
and haemostasis.18 Factor Xa possesses focal function
and upstream location from thrombin in the coagula-
tion cascade. The selective inhibitors of fXa compared
to thrombin may be safe and effective in the treatment
of thrombotic disorders making fXa an attractive target
for anticoagulant drug development.

The structures of various trypsin-like serine protease
available as potential therapeutic targets including
human a-thrombin,19 fXa,20 tPA,21 and uPA22 have
opened a new doorway in the structure-based design
of serine protease inhibitors. The members of the tryp-
sin-like serine protease family possesses a catalytic site
with high sequence homology and similar substrate
specificity, therefore their inhibitors need to be highly
potent, selective among the closely related enzymes
with adequate pharmacodynamic properties. The
published structures offer the possibility of understand-
ing the specificity over related counterparts/enzymes
with high sequence homology and similar substrate
specificity.

The 3D-QSAR/CoMFA23 generates steric and electro-
static contour maps in the 3D space around the mole-
cules where changes in the respective physicochemical
properties are predicted to increase or decrease the bio-
logical activity. The contour maps may aid in visualizing
the comparative region of differences in the related en-
zymes and also suggest for the flexibility in protein
structure, which may not be observed in the X-ray struc-
ture analysis.

Most of the known small molecule inhibitors of serine
proteases bear an amidino/guanidino group as the phar-
macophoric group, which may help to produce high
binding affinity with the protease enzymes due to its
interaction with Asp189 in the S1 specificity pocket.24

The differences in the S1 subsite for each enzyme can
be exploited for specificity.24–26 The potency and selec-
tivity of the target of interest over the related enzymes
is mainly responsible for the interactions of the ligand
with the neighboring subsites differing from their con-
tourparts. Thus, achieving selectivity becomes critical
and is typically generated through the elaboration of
the chemical groups that occupy subsites around the cat-
alytic machinery.

As part of our ongoing research in the development of
novel selective uPA inhibitors, we had previously
reported the 3D-QSAR CoMFA/CoMSIA models for
indole/benzoimidazole-5-carboxamidines as uPA inhibi-
tors.27 In continuation of the research work, it was
thought worthwhile to study the selectivity trends of
these inhibitors toward the other trypsin-like serine
protease, which may provide additional information in
designing the selective uPA inhibitors.

In the present paper, we report the 3D-QSAR/CoMFA
models developed for the series of indole/benzoimidaz-
ole-5-carboxamidines28,29 as trypsin-like serine protease
inhibitors viz. tPA, fXa, thrombin, plasmin, and trypsin.
CoMFA steric and electrostatic contour plots devel-
oped, signify the effect of various substituents on the
activity, which can be employed for the rational design
of novel selective serine protease inhibitors.
2. Results and discussion

3D-QSAR models for indole/benzoimidazole-5-carbox-
amidines as trypsin-like serine protease inhibitors
(tPA, fXa, thrombin, plasmin, and trypsin) were derived
from CoMFA methodology using in vitro inhibitory
activity pKi (lM) as a dependent variable. The develop-
ment of predictive CoMFA models is essentially align-
ment sensitive that defines the putative pharmacophore
for the series of ligands under investigation. The CoM-
FA models generated for indole/benzoimidazole-5-car-
boxamidines as uPA inhibitors using atom-based RMS
fit method yielded better predictive models than shape-
based RMS fitting, flexible multifit and RMSD based
database fitting techniques.27 The low-energy conformer
obtained from systematic search routine was used for
molecular superimposition of ligands on the template
structure (compound 27) by atom-based RMS fitting
(Fig. 1). The structures and biological activity of train-
ing and test set molecules employed in generation and
validation of 3D-QSAR models are given in Tables 1
and 2, respectively. r minimum of 1.0 kcal/mol was used
as threshold column filtering value in PLS analysis. The
contribution of individual CoMFA fields in activity was
studied by performing PLS analysis for only steric and
electrostatic field. The in vitro enzyme inhibition data
(Ki lM) used in the study could have contributions
not only from steric and electrostatic fields but also from



Table 1. The structures and calculated ClogP of the training and test set mo
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1 N NH OH H H

2 N NH OH H H

3 N NH OH H H

4 N NH OH H H

5 N NH OH H H

6 N NH OH NO2 H

7 N NH OH F H

8 N NH OH Br H

9 N NH OH OMe H

10 N NH OH Ph H

11 N NH OH H M

12 N NH OH H H

13 N NH OH -naphthyl-

14 N NH OH Br H

15 CH NH OH H H

16 CH NH OH Br H

17 CH NH OH Br H

18 CH NH OH Br H

19 CH NH OH Ph H

20 CH NH OH Ph H

21 CH NH H Ph H

22 CH NH OMe Ph H

23 NMe N OH Ph H

24 CH O OH Ph H

25 CH NH OH Ph H

26 CH NH OH Ph H

27 CH NH OH Ph H

28 CH NH OH Ph H

29 CH NH OH Ph H

30 CH NH OH Ph H

31 N NH OH H H

32 N NH OH H N

33 N NH OH Ph H

34 CH NH OH Br H

35 CH NH OH Ph H

36 CH NH OH Ph H

37 CH NH OH Ph H

38 N NH H H H

39 N NH OH Me H

Figure 1. Atoms used in the superimposition of molecules on the

template structure (compound 27) by the RMS fit method. The aligned

molecules are shown in capped sticks.
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other physicochemical properties particularly hydropho-
bicity of the molecules accounting for their transport
phenomenon and pharmacokinetic profile. To study
the effect of hydrophobic/lipophilic properties of mole-
cules on the activity, we have included ClogP as an addi-
tional descriptor in the CoMFA analysis. The CoMFA
models obtained by inclusion of ClogP were statistically
significant with minimum contribution of lipophilic
parameters compared to steric and electrostatic fields.
The results of PLS analyses are reported in Table 3.
2.1. tPA CoMFA model

The CoMFA model for tPA was obtained from atom-
based RMS alignment using 28 training set molecules
lecules

6' 5'

4'

3'2'

R

R1 R2 ClogP

50 60

H H H H 1.5888

F H H H 1.9067

Br H H H 2.6267

Me H H H 2.0878

OMe H H H 1.6621

H H H H 1.839

H H H H 1.7067

H H H H 2.3467

H H H H 1.4121

H H H H 2.9768

e H H H H 2.0878

H OH H H 1.1126

H H H H 2.7628

Me H H H 2.8457

H H H H 1.626

Me H H H 3.0095

H H H H 2.5105

NO2 H H H 2.6833

Me H H H 3.513

NO2 H H H 3.3828

H H H H 4.681

H H H H 3.4895

H H H H 2.9568

H H H H 3.524

H H F H 3.3322

H H OMe H 3.0390

H H H H 3.014

H H Cl H 3.9022

H H OH H 2.411

H H H Cl 3.9022

NO2 H H H 1.8390

Et2 H H H H 2.9216

Cl H H H 3.8647

Br H H H 3.4790

Br H H H 4.1785

Cl H H H 4.0285

H H Me H 3.513

H H H H 2.565

H H H H 2.0378



Table 2. Biological activities of the training and test set molecules (log1/Ki lM)

Compound tPAa fXab Thrombinc Plasmind Trypsine

Actual Calculated Actual Calculated Actual Calculated Actual Calculated Actual Calculated

1 �1.875 �1.632 �1.146 �1.008 �1.740 �1.917 �1.662 �1.486 �1.361 �1.265

2 �1.668 �1.653 �0.832 �1.231 �1.518 �2.070 �1.322 �1.588 �1.000 �1.402

3 �1.612 �1.767 �0.755 �0.768 �1.568 �1.725 �1.462 �1.421 �1.146 �1.223

4 �2.053 �1.880 �1.204 �0.525 �1.812 �1.452 �1.778 �1.230 �0.954 �1.004

5 �1.799 �1.779 �0.949 �0.758 �1.612 �1.647 �1.397 �1.414 �0.812 �1.207

6 �1.146 �1.171 �0.113 0.557 �0.041 0.358 �1.176 �0.699 �0.929 �0.431

7 �1.000 �1.113 0.050 �0.535 �0.845 �1.257 �0.740 �1.274 �0.544 �0.964

8 �0.531 �0.349 0.522 0.318 �0.361 �0.458 �0.230 �0.572 �0.146 �0.459

9 �1.838 �1.860 �1.204 �0.348 �1.903 �1.485 �1.278 �1.132 �1.477 �1.101

10 0 �0.025 �0.322 �0.527 �1.176 �1.393 �0.698 �0.769 �0.812 �0.851

11 �1.681 �1.794 �0.973 �0.944 �1.579 �1.787 �1.544 �1.435 �1.255 �1.190

12 �1.397 �1.424 �0.698 �0.873 �1.230 �1.772 �0.875 �1.407 �0.778 �1.239

13 �1.491 �1.513 �0.995 0.442 �1.903 �0.373 �1.518 �0.559 �1.113 �0.493

14 �0.380 �0.558 0.244 0.783 �0.431 0.005 �0.505 �0.327 �0.518 �0.207

15 �0.973 �1.001 �0.431 �0.564 �1.113 �1.392 �1.079 �0.987 �0.903 �0.810

16 0.337 0.483 1.283 1.333 0.744 0.805 0.221 0.217 0.494 0.364

17 0.420 0.390 1.366 0.773 0.920 0.183 0.602 �0.065 0.537 0.049

18 �0.113 �0.184 1.107 1.597 0.619 1.132 �0.322 0.078 �0.633 �0.144

19 0.958 1.050 0.677 0.880 �0.041 �0.032 0.602 0.824 0.886 0.992

20 1.721 1.799 1.853 1.312 0.958 0.692 0.721 0.684 1.124 0.678

21 �2.139 �2.105 �1.633 �1.369 �1.505 �1.373 �1.414 �1.353 �1.230 �0.908

22 �1.278 �1.295 �1.278 �1.142 �1.342 �1.092 �1.414 �1.268 �0.079 �0.221

23 �2.176 �2.515 �1.477 �1.925 �1.845 �1.683 �1.079 �1.697 �0.812 �1.033

24 �0.447 �1.603 �0.832 �1.053 �0.845 �0.931 �0.740 �1.176 �0.204 �0.332

25 �0.556 �0.802 �0.113 �0.338 �0.875 �1.039 0.455 �0.046 �0.041 �0.025

26 �1.255 �1.109 �1.414 �0.806 >�1.875 �1.086 �0.591 �0.087 �1.146 0.222

27 1.455 1.270 1.107 0.165 0.494 �0.694 1.000 0.356 0.886 0.353

28 �0.944 �1.013 �1.278 0.213 �1.778 �1.159 0.958 0.801 0.638 0.801

29 �1.662 �1.528 >�1.875 �0.382 >�1.875 �1.035 �1.278 �0.092 �1.698 �0.054

30 �0.518 0.587 0.716 �0.222 �1.812 �1.168 �0.477 �0.048 �0.672 �0.161

31 �1.748 �1.903 �0.892 �0.861 �1.531 �1.629 �1.612 �1.671 �1.477 �1.656

32 �2.000 �2.769 �1.397 �0.968 �1.954 �1.858 �1.903 �1.433 �1.204 �1.281

33 0.552 �0.043 0.026 �0.257 �1.079 �1.148 �0.612 �0.723 �0.518 �0.841

34 0.161 0.284 1.050 1.177 0.494 0.586 0.045 0.135 0 0.184

35 1.026 1.388 0.677 0.532 �0.146 �0.185 0.455 0.534 0.154 0.560

36 0.795 1.411 0.468 0.581 0.527 �0.101 0.537 0.521 0.886 0.513

37 �1.591 �0.680 >�1.875 0.156 >�1.875 �1.081 0.677 0.662 �0.204 0.715

38 �1.838 �0.186 �1.000 0.220 �1.681 �0.659 �1.778 �0.557 �1.176 �0.490

39 �2.580 �1.410 �2.096 �0.882 �2.531 �1.704 �2.544 �1.474 �1.740 �1.184

a Training set: 1–28; Test set: 29–36; Outliers: 37–39.
b Training set: 1, 2, 6–8, 10, 11, 15–24, 26, 27, 30, 31, 33, 36, 39; Test set: 4, 5, 12, 14, 25, 32, 35; Outliers: 3, 9, 13, 28, 29, 37, 38.
c Training set: 1–3, 6–11, 13, 15–24, 27, 28, 30, 31, 33, 36, 38, 39; Test set: 4, 5, 12, 14, 25, 32, 34; Outliers: 26, 29, 37.
d Training set: 1–3, 6–11, 15–24, 26–28, 30, 31, 33, 34, 36, 39; Test set: 4, 5, 12, 14, 25, 32, 35, 37; Outliers: 13, 29, 38.
e Training set: 1–3, 6–11, 15–24, 26, 28–31, 33, 35–37, 39; Test set: 4, 5, 12, 14, 25, 32, 34; Outliers: 13, 27, 38.
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and validated by predicting activity for the eight test set
molecules.

The model obtained with only the steric field showed
cross-validated r2 (r2cv) 0.692 with 10 components, non-
cross-validated r2 (r2ncv) 0.984, F-value 106.357,
bootstrapped r2 (r2bs) 0.992, while the model obtained
with only the electrostatic field showed r2cv 0.199 with
one component, r2ncv 0.403, F-value 17.577, r2bs 0.487.

The statistically significant model obtained with both
steric and electrostatic fields showed r2cv 0.584 with seven
components, r2ncv 0.987, F-value 224.836, r2bs 0.955, pre-
dictive r2 (r2pred) 0.894, the steric and electrostatic contri-
butions were 57.2% and 42.8%, respectively. The graph
of actual versus fitted/predicted activities for the train-
ing/test set molecules is depicted in Figure 2. Figure 3
describes the CoMFA steric and electrostatic contour
map for tPA inhibition.

The CoMFA steric map (Fig. 3) encompasses green con-
tours (80% contribution) embedded in the 3 0-phenyl ring
and in the vicinity of 3-H of compound 27 reveals that
increase in activity may be anticipated due to increased
steric bulk, while the yellow contours (20% contribu-
tion) observed near 3 0-phenyl ring, 6-H and 2 0-OH of
compound 27 suggests that steric substitutions at 3 0-phe-
nyl ring, C-6 (compound 26), 2 0-positions of compound
27 does not favor tPA inhibition.

The CoMFA electrostatic map (Fig. 3) displays red con-
tours (80% contribution) near 4 0,5 0-protons, at the lower
surface of 1-NH and surrounding the 3 0-phenyl ring
where the partial negative charge is associated with in-



Table 3. Summary of CoMFA resultsa

tPA fXa Thrombin Plasmin Trypsin

SE ClogP SE ClogP SE ClogP SE ClogP SE ClogP

r2cv
b 0.584 0.530 0.513 0.509 0.504 0.488 0.629 0.576 0.583 0.443

Components 7 9 2 4 3 4 2 3 2 4

SEPc 0.809 0.899 0.798 0.840 0.757 0.787 0.583 0.637 0.558 0.675

r2ncv
d 0.987 0.992 0.811 0.857 0.845 0.902 0.822 0.831 0.838 0.871

SEEe 0.140 0.115 0.497 0.425 0.423 0.344 0.404 0.402 0.348 0.325

F-value 224.836 258.363 47.252 34.843 39.962 48.416 57.788 39.242 59.497 35.447

Pr2¼0 0 0 0 0 0 0 0 0 0 0

Contributions (%)

Steric 57.2 51.7 56.1 50.0 54.5 56.4 61.8 57.9 58.2 56.4

Electrostatic 42.8 47.0 43.9 44.8 45.5 42.7 38.2 39.6 41.8 42.7

ClogP — 1.3 — 5.2 — 0.9 — 2.4 — 0.8

r2pred
f 0.894 0.737 0.753 0.851 0.860 0.724 0.857 0.854 0.621 0.566

r2bs
g 0.955 0.998 0.819 0.924 0.896 0.922 0.842 0.858 0.833 0.930

Standard deviationg 0.003 0.002 0.054 0.029 0.036 0.030 0.053 0.044 0.055 0.031

a Alignment by atom-based RMS fit using both the steric and electrostatic fields.
b Cross-validated r2 by leave-one-out method.
c Standard error of prediction.
d Non-cross-validated r2.
e Standard error of estimate.
f Predictive r2.
g From 100 bootstrapping runs.
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creased activity (compound 20), while blue contours
(20% contribution) observed at the upper surface of
-4

-3

-2

-1

0

1

2

3

-3 -2 -1 0 1 2

Actual Activity

Fi
tte

d/
Pr

ed
ic

te
d 

ac
tiv

ity

Figure 2. A graph of actual versus fitted/predicted activities (log1/Ki

lM) of the training/test set molecules as tPA inhibitors (� training set;

m test set).

Figure 3. The CoMFA steric and electrostatic STDDEV*COEFF

contour plots for tPA inhibition (green polyhedron: sterically favored,

yellow polyhedron: sterically disfavored, red polyhedron: negatively

charge favored, blue polyhedron: positively charge favored). The

template structure (compound 27) is shown in capped sticks.
2-phenyl ring and in the vicinity of 6-H of compound
27 indicates areas within the lattice where electropositive
properties of the molecule describe an increase in
activity.

2.2. fXa CoMFA model

Using 25 training set molecules, the CoMFA model for
fXa was generated from atom-based RMS alignment
and validated from an external test set comprising of
seven molecules.

The model obtained from only the steric field showed
r2cv 0.492 with three components, r2ncv 0.775, F-value
24.047, r2bs 0.855 whereas the model from the electro-
static field showed r2cv 0.622 with five components,
r2ncv 0.956, F-value 82.442, r2bs 0.966. The CoMFA mod-
el with both steric and electrostatic fields showed r2cv
0.513 from first two components, r2ncv 0.811, F-value
47.252, r2bs 0.819, r2pred 0.753 with 56.1% steric and
43.9% electrostatic field contributions. The graph of ac-
tual versus fitted/predicted activity for the training/test
set molecules is depicted in Figure 4. The steric and
electrostatic contour maps for the same are shown in
Figure 5.

The CoMFA steric map (Fig. 5) displays a favorable
green polyhedron embedded in the lower part of 3 0-phen-
yl ring and in the vicinity of 3-H, whereas the sterically
unfavorable large yellow polyhedron was observed sur-
rounding the lower region of 3 0-phenyl ring and small
contour flying near 2 0-OH of compound 27.

The CoMFA electrostatic map (Fig. 5) showed a posi-
tively charge favorable blue contour near 6-H and a
large cavity engulfing 2-phenyl ring and 2 0-OH position,
the negatively charge favorable red contours were placed
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Figure 4. A graph of actual versus fitted/predicted activities (log1/Ki

lM) of the training/test set molecules as fXA inhibitors (� training set;

m test set).

Figure 5. The CoMFA steric and electrostatic STDDEV*COEFF

contour plots for fXa inhibition (green polyhedron: sterically favored,

yellow polyhedron: sterically disfavored, red polyhedron: negatively

charge favored, blue polyhedron: positively charge favored). The

template structure (compound 27) is shown in capped sticks.
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Figure 6. A graph of actual versus fitted/predicted activities (log1/Ki

lM) of the training/test set molecules as thrombin inhibitors (�

training set; m test set).

Figure 7. The CoMFA steric and electrostatic STDDEV*COEFF

contour plots for thrombin inhibition (green polyhedron: sterically

favored, yellow polyhedron: sterically disfavored, red polyhedron:

negatively charge favored, blue polyhedron: positively charge favored).

The template structure (compound 27) is shown in capped sticks.
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in the region between 2 0-OH and 3 0-phenyl ring of com-
pound 27.

2.3. Thrombin CoMFA model

The 3D-QSAR CoMFA model for thrombin was gener-
ated using 29 training set molecules and validated with
seven test set molecules.

The CoMFA model obtained with only the steric field
showed r2cv 0.520 from nine components, r2ncv 0.969, F-
value 55.811, r2bs 0.985 while the model with only the
electrostatic field showed r2cv 0.425 from five compo-
nents, r2ncv 0.992, F-value 51.296, r

2
bs 0.958. The CoMFA

model generated from both steric and electrostatic fields
exhibited r2cv 0.504 with three components, r2ncv 0.845, F-
value 39.962, r2bs 0.896, r

2
pred 0.860 with 54.5% steric and

45.5% electrostatic field contributions. The graph of ac-
tual versus fitted/predicted activities for the training/test
set molecules is depicted in Figure 6. The CoMFA steric
and electrostatic contour maps developed for the above
validated model is shown in Figure 7.

The CoMFA steric contour map for thrombin (Fig. 7) is
placed almost similar to tPA with sterically favorable
green polyhedron observed in the vicinity of 3-H and
embedded in 3 0-phenyl ring, while the unfavorable yel-
low contours were in the lower region of 3 0-phenyl ring
and near 2 0-OH of compound 27.

The CoMFA electrostatic contour map (Fig. 7) showed a
large blue cavity extending from the upper surface of 2-
phenyl ring and negatively charge favored red contours
between 2 0-OH and 3 0-phenyl ring almost similar to fXa.

2.4. Plasmin CoMFA model

The CoMFA model for plasmin was generated using 28
training set molecules and validated by predicting the
activities of eight test set molecules.

The model obtained with only the steric field showed r2cv
0.614 with three components, r2ncv 0.822, F-value 36.996,
r2bs 0.883, while the model from only electrostatic field
showed r2cv 0.646 with 10 components, r2ncv 0.986, F-value
118.912, r2bs 0.995. The CoMFA model for both steric
and electrostatic fields yielded r2cv 0.629 with first two
components, r2ncv 0.822, F-value 57.788, r2bs 0.842, r2pred
0.857 with 61.8% steric and 38.2% electrostatic field con-
tributions. Figure 8 describes the graph of actual versus
fitted/predicted activities for the training/test set mole-
cules. The steric and electrostatic contour maps gener-



Figure 9. The CoMFA steric and electrostatic STDDEV*COEFF

contour plots for plasmin inhibition (green polyhedron: sterically

favored, yellow polyhedron: sterically disfavored, red polyhedron:

negatively charge favored, blue polyhedron: positively charge favored).

The template structure (compound 27) is shown in capped sticks.
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Figure 10. A graph of actual versus fitted/predicted activities (log1/Ki

lM) of the training/test set molecules as trypsin inhibitors (� training

set; m test set).

Figure 11. The CoMFA steric and electrostatic STDDEV*COEFF

contour plots for trypsin inhibition (green polyhedron: sterically

favored, yellow polyhedron: sterically disfavored, red polyhedron:

negatively charge favored, blue polyhedron: positively charge favored).

The template structure (compound 27) is shown in capped sticks.
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Figure 8. A graph of actual versus fitted/predicted activities (log1/Ki

lM) of the training/test set molecules as plasmin inhibitors (� training

set; m test set).
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ated for the CoMFA model is shown in Figure 9 and
were placed almost similar to fXa inhibition.

The CoMFA steric map (Fig. 9) for plasmin inhibitors
encompasses of sterically favorable green contours
embedded in the lower region of 3 0-phenyl ring and in
the vicinity of 3-H, whereas the sterically unfavorable
yellow contours surround the lower region of 3 0-phenyl
ring and near 2 0-OH of compound 27.

The CoMFA electrostatic map (Fig. 9) displays blue
contours at the upper surface of 2-phenyl ring, the space
between 1-NH and 2 0-OH of compound 27 where in-
crease in activity may be due to presence of positively
charge substituents. The negatively charge favorable
red contours were found in the space between 2 0-OH
and 3 0-phenyl ring of compound 27.

2.5. Trypsin CoMFA model

The CoMFA model for trypsin inhibition was generated
using 29 training set molecules and validated by predict-
ing the activity of seven test set molecules.

The CoMFA model obtained with only the steric field
yielded r2cv 0.583 with three components, r2ncv 0.813, F-
value 31.884, r2bs 0.866, while the model obtained from
only the electrostatic field showed r2cv 0.522 at first com-
ponent, r2ncv 0.664, F-value 47.499, r2bs 0.694.

The statistically significant CoMFA model for trypsin
inhibition obtained from both the steric and electrostatic
fields showed r2cv 0.583 with two components, r2ncv 0.838,
F-value 59.497, r2bs 0.833, r

2
pred 0.621, the steric and elec-

trostatic field contributions were 58.2% and 41.8%,
respectively. The graph of actual versus fitted/predicted
activities for the training/test set molecules is depicted
in Figure 10. The CoMFA steric and electrostatic con-
tour maps developed for trypsin inhibition is shown in
Figure 11.

The CoMFA steric map (Fig. 11) displayed the sterically
favorable green polyhedron embedded in 3 0-phenyl ring
and in the vicinity of 3-H of compound 27 where opti-
mum steric substituents may enhance the activity and
the sterically disfavorable yellow polyhedron was placed
similar to fXa, plasmin, and thrombin inhibition.

The CoMFA electrostatic map (Fig. 11) showed posi-
tively charge favored large blue polyhedron at the upper
surface of 2-phenyl ring, small blue contours near the
lower surface of 3 0-phenyl ring and negative charge fa-
vored red contours in the space between 2 0-OH and 3 0-
phenyl ring of compound 27.
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2.6. uPA CoMFA model

The detailed CoMFA results for uPA inhibition has
been reported in our earlier publication.27 The statisti-
cally significant CoMFA model (r2cv 0.611, r2cnv 0.778,
F-value 43.825, r2bs 0.842, r2pred 0.616 with two
components) was established from 28 molecules and
validated by predicting the activities of nine test set
molecules.

The CoMFA contour map displayed sterically favorable
green contours embedded in the 3 0-phenyl ring and in
the vicinity of 3-H, whereas the disfavored yellow con-
tours were observed bordering the 3 0-phenyl ring of
compound 27. The electrostatic contour map displayed
negative charge favored red contours in the vicinity of
6-H and in the region between 2 0-OH and 3 0-phenyl ring,
while the positively charge favored large blue contours
were displayed in the upper portion of 2-phenyl ring
of the compound 27.

In the present study, we have developed statistically
significant predictive CoMFA models using a series of
indole/benzoimidazole-5-carboxamidines for various
serine protease inhibitors employing steric and electro-
static fields. The generated CoMFA models exhibited
higher contributions of steric parameters toward the
activity of these molecules.

An inspection of the fitted/predicted activities for the
data set revealed poor prediction for some of the indoles
(compounds 13, 38, and 39) and benzoimidazoles (com-
pounds 17, 26, 29, 30, and 37) considered as the outliers.
The outliers for the indole series: compound 13 was the
only 2-naphthyl derivative, compound 38 does not pos-
sess the hydroxyl group at 2 0-position and compound 39
was the only compound with steric 3 0-methyl group. In
case of benzoimidazoles, compound 17 was the only
3 0-Br derivative in the sterically favored region, com-
pounds 26 and 37 had methoxy and methyl groups at
sixth position, respectively, where electropositive sub-
stituents favor activity. The other outliers in this series
compound 29 was the only compound with lipophilic
hydroxyl group at sixth position and compound 30 as
the only 4-Cl derivative. The structural uniqueness and
composition of training set molecules might be the rea-
son for poor prediction. The compounds for which
activity is not described in specific numeric terms and
the poorly predicted molecules from the non-cross-vali-
dated PLS analysis have been termed as outliers in the
present study.

All the steric and electrostatic contour maps generated
from the validated CoMFA models for the serine prote-
ase inhibitors were used to analyze the selectivity trends
of indole/benzoimidazole-5-carboxamidines. The steric
contour maps displayed sterically disfavored yellow con-
tours in the lower region of 3 0-phenyl ring and in the
vicinity of 2 0-OH of compound 27 except for tPA. The
sterically favorable green contours were observed near
3-H and embedded in 3 0-phenyl ring of compound 27 ex-
cept for tPA, where the green contours appeared sur-
rounding 3 0-phenyl ring. Comparison of the green
polyhedron in the lower region of 3 0-phenyl ring showed
some degree of differences for all the serine protease
inhibitors suggesting that optimum steric substitution
at 3 0-C of 2-phenyl ring may play a crucial role in
achieving improved activity.

Electrostatic contour maps displayed negatively charge
favorable red polyhedron in the regions between 2 0-
OH and 3 0-phenyl ring except for tPA, whereas the pos-
itively charge favorable blue contours were observed at
the upper surface of 2-phenyl ring. These regions include
the partial positive charges associated with hydrogen
atoms bound to carbon, which can be correlated with
lipophilic interactions.

Additionally, tPA and fXa displayed blue contour in the
vicinity of 6-H where optimum low electron density sub-
stituents may be crucial in selectivity of serine protease
inhibitors. The indole derivatives (compounds 8 and
10) with similar substituents showed less activity than
benzoimidazole derivatives (compounds 17 and 27).
The replacement of 2 0-OH group with H (compounds
21 and 38), OMe (compound 22) and 1-NH with N
(compound 23) and O (compound 24) resulted in re-
duced activity, demonstrating the significance of 2 0-OH
and 1-NH groups in binding the receptor. Overall in
the present study, the CoMFA models developed for
the series of indole/benzoimidazole-5-carboxamidines
as serine protease inhibitors highlight important struc-
tural requirements, which can be used in designing selec-
tive serine protease inhibitors.
3. Conclusion

Receptor independent 3D-QSAR/CoMFA models using
a series of indole/benzoimidazole-5-carboxamidines for
various trypsin-like serine protease inhibitors viz. tPA,
fXa, thrombin, plasmin, and trypsin have been estab-
lished. All the molecular modeling and 3D-QSAR stud-
ies were performed with the standard protocol using
SYBYL 6.7 software.

As can be seen from Table 3, reasonably correlative and
predictive CoMFA models were generated from the
combination of steric and electrostatic fields for various
serine protease inhibitors than the CoMFA models gen-
erated using ClogP as an additional descriptor. This
shows that variations in observed biological activity
can be explained from steric and electrostatic field inter-
actions of the compounds. PLS analysis with the inclu-
sion of ClogP resulted in a slightly decreased cross-
validated r2 value. The ClogP contribution in these mod-
els varied from 0.8–5.2%, hence lipophilicity may not be
a determining factor for the activity of indole/benzoim-
idazole-5-carboxamidines as serine protease inhibitors.
The statistically significant and validated 3D-QSAR/
CoMFA models obtained from steric and electrostatic
fields were thus employed to generate 3D contour plots
for various serine protease inhibitors.

The comparison of steric and electrostatic contour maps
showed high similarity in catalytic/hydrophobic site
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(near C-3 0 substitution). In all the cases, the sterically
favorable green contours were in the vicinity of C-3 sub-
stitution and embedded in 3 0-phenyl ring, whereas in
tPA they were observed adjoining the 3 0-phenyl ring.
The sterically disfavored yellow contours were observed
in the vicinity of 3 0-phenyl ring of compound 27.

The electrostatic contour plots displayed red polyhedron
amid the 2 0-OH and 3 0-phenyl ring suggesting that in-
crease in activity may be anticipated by moderate elec-
tronegative substitutions at 3 0 position of 2-phenyl ring
(compounds 7, 8, and 17), while moderate electropositive
substituents at C-3, 2 0, 6 0-positions may enhance the
tPA, fXa, plasmin and thrombin activity as shown
by the presence of positively charge favored blue
contours.

In accordance with the findings of Verner et al.28 and
Mackman et al.29 we have also observed that the nature
of the substituent at C-6 position is the crucial factor in
determining the selectivity trends of various serine pro-
tease inhibitors. Previously, we have reported that
increase in uPA activity/selectivity of indole/benzo-
imidazole-5-carboxamidines can be anticipated by
moderate electronegative substitution at C-6 position.27

In the present study, we observed that optimum low
electron density substitutent at C-6 may enhance the
tPA and fXa activity as evident from the presence of
the blue contour near 6-H of compound 27. Replace-
ment of C-6 proton with a halogen (chloro) markedly
decreased the tPA, fXa and thrombin inhibition,
whereas no significant change was observed in case of
plasmin and trypsin (compound 28). 3D-QSAR/CoM-
FA models developed for indole/benzoimidazole-5-car-
boxamidines as trypsin-like serine protease inhibitors
may provide further insight into the structural deter-
minants, which can be exploited in the rational design
of selective serine protease inhibitors for cancer as well
as anticoagulant or antithrombotic chemotherapeutics.
4. Methods

4.1. Biological data

The data set consists of a series of indole/benzoimidaz-
ole-5-caboxamidines published in the literature as
trypsin-like serine protease inhibitors viz. uPA, tPA,
fXa, thrombin, plasmin, and trypsin.28,29 The negative
logarithm of measured Ki (lM) against serine proteases
enzyme as pKi (lM, pKi = log1/Ki) was used in
3D-QSAR studies. Table 1 describes the structures and
calculated ClogP values of the data set and Table 2
biological activity for the training/test set molecules.
The robustness and predictive ability of models were
evaluated by analyzing test set molecules with a wide
range of biological activity.

4.2. Molecular modeling

All molecular modeling and 3D-QSAR studies were per-
formed using SYBYL 6.730 with standard TRIPOS force
field31 running on Silicon Graphics Indy o2 workstation
(Tripos Inc.). The molecules were constructed using
standard geometrics and bond lengths with SYBYL.
Initial optimization was carried out using standard
TRIPOS force field employing Gasteiger Marsili
charges, the constraints were removed and repeated
minimization was performed using steepest descent
and conjugated gradient method till the root mean
square (rms) deviation of 0.001 kcal/mol was achieved.
Systematic search routine was used in the conforma-
tional analysis and all rotatable bonds were searched
in 10� increments from 0� to 359�. Conformational ener-
gies were computed with electrostatic term and the low-
energy conformers were selected for superimpositions.
Further optimization was performed using MOPAC
with AM1 Hamiltonian32 and MOPAC charges derived
were used in subsequent analysis. Superimposition of
the molecules carried out by atom-based RMS fitting
on the template structure (compound 27) was used in
CoMFA probe interaction energy calculations. The
superimposed molecules and atoms used in the align-
ment are depicted in Figure 1.

4.3. CoMFA studies

The steric and electrostatic field energies were calculated
using Sp3 carbon probe atom with Van der Waals radius
of 1.52 Å and +1 charge. These energies were truncated
to ±30 kcal/mol and the electrostatic contributions
were ignored at lattice intersection with maximal steric
interactions. The CoMFA fields generated auto-
matically were scaled by CoMFA-STD method in
SYBYL.

4.4. Partial least square (PLS) analysis

The CoMFA descriptors served as independent vari-
ables and pKi (lM) values as dependent variables
in deducing 3D-QSAR models by PLS regression analy-
sis method.33 The predictive values of models were eval-
uated by leave-one-out (LOO) cross validation method.
The optimum number of components (Nc) used to derive
the non-cross-validated model was defined as the num-
ber of components leading to the highest cross-validated
r2 and the lowest standard error of prediction (SEP).
PLS analysis using 100 bootstrap groups with optimum
number of components was performed in order to
obtain the statistical confidence limit in the analyses.

4.5. Predictive r2 values

The predictive ability of each analysis was determined
from the test set that was not included in the training
set. These molecules were aligned and their activities
were predicted by each PLS analysis. The predictive r2

(r2pred) value is defined as
r2pred ¼ ðSD� PRESSÞ=SD
where SD is the sum of squared deviations between the
biological activities of the test set and mean activity of
the training set molecules and PRESS is the sum of
squared deviation between predicted and actual activity
values for every molecule in the test set.
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4.6. Calculation of ClogP

ClogP was calculated using ChemDraw Ultra 6.0 soft-
ware integrated with CambridgeSoft Software Develop-
ment Kit.34
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