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Abstract—Comparative molecular field analysis (CoMFA) was performed on a set of 1H-benzimidazole derivatives. Molecular
modeling and 3D-QSAR were employed to determine the tautomeric form that would probably fit a target receptor in Entamoeba
histolytica. COMFA results suggest that the antiamoebic activity is favored with steric bulk at position 5 of the benzimidazole ring
and low electron density on the group at position 2. To the best of our knowledge this is the first 3D-QSAR study performed for
benzimidazoles as antiamoebic agents. The CoOMFA models derived will be very valuable to design new and more potent com-

pounds against E. histolytica.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Parasitic infections such as amoebiosis and other proto-
zooses are still major threats against public health, espe-
cially in developing countries. The infections caused by
Entamoeba histolytica mainly affect the infant popula-
tion with high morbidity and mortality indices due to
severe diarrhea and dehydration.! Although drug thera-
py exists for the control of these infections, such as the
nitroheterocycles, they produce severe side effects and
in some cases resistance by the parasites have also been
reported.? Consequently, the search for new therapeutic
agents is of utmost importance.

We have recently reported that some 1H-benzimidazole
derivatives with hydrogen at position 1, non 2-carba-
mates, were very active in vitro against E. histolytica.’°
Since there are no reports on the target receptor for these
types of compounds and in order to obtain more informa-
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tion regarding the structural requirements of benzimid-
azole derivatives to be active against E. histolytica,
computational studies were carried out.

Three-dimensional quantitative structure—activity rela-
tionship (3D-QSAR) methods, such as comparative
molecular field analysis (CoMFA),” have been applied
in many cases for the design of new active molecules; espe-
cially, when the binding site and mechanism of action are
known.® Additionally, it is also useful when the binding
site is unknown.? Although CoMFA studies have been
conducted for benzimidazole derivatives,!® !4 there are
no computational analyses that study the activity against
E. histolytica.

In order to rationalize the structure—activity relation-
ships of a set of 41 1H-benzimidazole derivatives (cf.,
Table 1), in this paper 3D-QSAR studies using CoOMFA
were carried out. A particular challenge for the present
CoMFA study is to deal with the tautomeric forms of
compounds 3, 8, 13, 29, 32, 36, and 40; and the tauto-
meric forms of compounds 6, 7, 9, 10, 17, 21, and 23
shown in Figures 1 and 2, respectively. The challenge
is to determine which tautomer is most likely to be the
active one when the QSAR studies are carried out. Each


mailto:rafaelc@servidor.unam.mx

1118 F. Lopez-Vallejo et al. | Bioorg. Med. Chem. 15 (2007) 1117-1126

Table 1. Benzimidazole derivatives used in the COMFA studies

R,
Rz N
| \>_R6
R; N
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Compound Rl RZ R3 R4 R5 RG pIC50

1 H H H H H CH; 8.15

2 H H H H H NH, 6.94

3 H H H H H SH 6.88

4 H H H H H SCH; 6.41

5 H H H H H H 7.38

6 H Cl H H H CH; 7.08

7 H Cl H H H NH, 6.90

8 H Cl H H H SH 8.30

9 H Cl H H H SCH; 6.72
10 H Cl H H H H 7.41
11 H Cl Cl H H CH; 7.60
12 H Cl Cl H H NH, 7.23
13 H Cl Cl H H SH 7.26
14 H Cl Cl H H SCH; 6.45
15 H Cl Cl H H H 7.02
16 H H H H H CF; 7.16
17 H Cl H H H CF; 7.66
18 H H H H CH; CF; 7.40
19 H Cl H H CH; CF; 7.34
20 H Cl Cl H CH; CF; 7.48
21 H Br H H H CF; 5.88
22 H Br Br H H CF; 6.37
23 Br H Br H H CF; 7.30
24 Br Br Br Br H CF; 6.52
25 H Cl Cl H H C,Fs 6.68
26 H NO, NO, H H CF; 5.87
27 Br Br Br Br H C,Fs 6.67
28 H H H H CH; CH; 7.21
29 H H H H CH; SH 8.22
30 H H H H CH; SCH; 6.71
31 H Cl H H CH; CH; 8.30
32 H Cl H H CH; SH 8.00
33 H Cl H H CH; SCH; 743
34 H H Cl H CH; CH; 6.69
35 H H Cl H CH; NH, 6.61
36 H H Cl H CH; SH 5.42
37 H H Cl H CH; SCH; 6.24
38 H Cl Cl H CH; CH; 7.89
39 H Cl Cl H CH; NH, 7.43
40 H Cl Cl H CH; SH 6.89
41 H Cl Cl H CH; SCH; 598

tautomeric form represents a structure with different
properties, only one of which may have greater affinity
for the target, and hence, greater biological activity than
the other. Notably, this tautomeric form is not necessar-
ily the lowest in energy. Tautomers are often disregard-
ed in computer-aided drug design (CADD) applications.
Since tautomeric forms differ in functional groups,
shapes, hydrogen-bonding pattern, surfaces, and other
properties, the corresponding descriptors used in QSAR
will have different values for each tautomeric form. Con-
sidering that tautomerism in CADD has a huge impact
on the development of QSAR or affinity receptor—ligand
models,'> this paper deals with a density functional the-
ory (DFT) and semi-empirical (PM3) calculations to

help in the task of finding the putative bioactive tauto-
mer of several 1H-benzimidazoles under study.

2. Results and discussion
2.1. Tautomeric form selection

Several compounds in the data set may exist as two or
even three tautomeric forms. In Figure 1, the tautomeric
equilibria of benzimidazole-2-thione derivatives are
proposed. In Figure 2, all tautomeric equilibria of
1 H-benzimidazole derivatives with hydrogen at position
1 are depicted. For COMFA studies, tautomeric forms
represent a challenge since each tautomer has different
values for its electrostatic and steric descriptors. Regard-
ing the molecules in this paper, the rearrangement of one
hydrogen atom of the same compound leads to an alter-
ation of the benzimidazole ring, leading to a new molec-
ular skeleton (Figs. 1 and 2). Different molecular
skeletons may have different steric and electrostatic
complementarities to the target. Thus, incorrectly select-
ed tautomers for the CoMFA study will produce mis-
leading correlations.

The determination of the most suitable tautomeric form
for 3D-QSAR studies is not trivial. The tautomeric equi-
librium can be influenced by different factors.!> In the
case of a ligand-receptor interaction this equilibrium
must be shifted toward the tautomeric form that stabi-
lizes the ligand-receptor complex, but this tautomeric
form is not necessarily the lowest in energy.

In order to explore the putative bioactive tautomeric
form of compounds in Figures 1 and 2, and to develop
a predictable CoOMFA model for benzimidazole deriva-
tives in Table 1, two approaches were followed. In the
first one, the tautomer of lowest energy was considered
the bioactive tautomeric form. In the other one, the bio-
active tautomeric form was selected by a CoOMFA model
with predictive ability, which in turn was developed
using benzimidazole derivatives with no tautomeric
forms. In both approaches, high accurate evaluation of
the atomic partial charges was carried out by means of
quantum chemical calculation at DFT/B3LYP level the-
ory using natural charges.

2.1.1. CoMFA study based on lowest energy tautomers.
In this approach, a theoretical study was carried out to
determine the lowest energy tautomers in the gas phase
at DFT level. The change in free energy of the tautomer-
ic equilibrium and the tautomeric constant were calcu-
lated according to Eq. 1. This approximation has been
demonstrated to be acceptable for tautomeric equilib-
ria.'®23 The results of these calculations are shown in
Table 2.

AG = —RT -InK1 = Ky = e~ (A9/RD) (1)
As can be seen in Table 2, thione forms 3b, 8b, 13b, 29b,

32b, 36b, and 40b are more stable than their correspond-
ing tautomers. The lowest —pKt is 98.0 for compound
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Figure 1. Tautomeric equilibria for benzimidazole-2-thione derivatives.
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Figure 2. Tautomeric equilibria for 1-H benzimidazole derivatives with hydrogen at position 1.

13 These results are in agreement with the data of the

"H NMR spectra for these compounds, in which essen-
tially 100% of the thione form is predominant.? For 1H-
benzimidazole derivatives with hydrogen at position 1,
the equilibrium is slightly favored toward the tautomeric
form 6b, 7b, 9b, 10b, 17b, 21b, and 23b. In all these com-
pounds AG is less than 1.45 kcal/mol (the largest —pKt
is 10.6 for compound 23).

Once the lowest energy tautomers were determined, the
CoMFA model was developed based on all 41
compounds in data set (Table 1). The tautomeric form
with the calculated lowest energy ‘b’ for compounds in

Table 2 was used to develop this model plus the remain-
ing compounds listed in Table 1 that have no tautomeric
form. Results are summarized in Table 3. The poor sta-
tistics of this model (¢* = 0.292; r* = 0.634) suggest that
some tautomeric forms considered in this first approach
could not have steric and electrostatic complementarity
with the target. This observation further confirms the
fact that the lowest energy tautomer is not necessarily
the bioactive one.

2.1.2. CoMFA study based on best-predicted tautomers.
In this approach, a CoOMFA model was developed using
as a training set 27 compounds in Table 1 that have no
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Table 2. DFT (B3LYP) predicted tautomeric equilibrium constants in
the gas phase (¢ = 1) at 298.15 °K for 1H-benzimidazole derivatives

Tautomers  DFT energy (a.u) —AG (kcal/mol) —pKt®
3a —778.053844 15.00 109.928
3b —778.076873
6a —878.785931 0.09 0.664
6b —878.786070
7a —894.822511 1.28 9.375
7b —894.824475
8a —1237.649110 14.30 104.778
8b —1237.671060
8¢ —1237.649280 14.18 103.966
9a —1276.967820 0.01 0.095
9b —1276.967840
10a —839.461439 0.13 0.931
10b —839.461634
13a —1697.238750 13.38 98.047
13b —1697.259290
17a —1176.494250 0.21 1.575
17b —1176.494580
21a —3290.179390 0.14 1.002
21b —3290.179600
23a —5863.456620 1.45 10.597
23b —5863.458840
29a —817.366243 15.62 114.497
29b —817.390229
32a —1276.961710 14.77 108.262
32b —1276.984390
36a —1276.961880 14.66 107.451
36b —1276.984390
40a —1736.551500 14.18 103.966
40b —1736.573280

*pKr = —logKr

tautomeric forms. The PLS analysis gave a model with
¢* and r* values of 0.455 and 0.794, respectively (Table
3, model 2). Exclusion of one compound (an outlier)
from model 2 increased the ¢ and r* values (Table 3,
model 3). The omission of the outlier was done mainly
because it was not well predicted by model 2. Although
CoMFA model 3 has a higher value of ¢ it is still rel-
atively low (i.e., 0.490), however, it has acceptable values
of 1, s and N (Table 3).242

CoMFA model 3 was used to predict the biological
activities of the 28 tautomeric forms in Table 2. Results
are summarized in Table 4, where the tautomeric forms
with predicted pICs, values that are closer to the exper-
imental ones are marked with an asterisk. Tautomers
with the lowest residual values might correspond to
the bioactive form. Notably, seven of them, 3b, 6b, 7b,
21b, 23b, 36b, and 40b, correspond to the calculated low-
est energy tautomers (Table 2). In the case of the 2-thi-
one tautomeric forms (8b, 13b, 29b, and 32b), which are
energetically more stable, the CoMFA model 3 predicts
that the thiol form is the bioactive one. The change in
the AG for these tautomeric forms is about 14 kcal/
mol (Table 2), a relatively high energetic cost. However,
8a, 13a, 29a, and 32a have higher pICs, than the thione
forms 3b, 36b and 40b selected by CoOMFA model 3. In
the case of tautomeric forms 6a, 7a, 9a, 10a, 17a, 21a,
and 23a for 1-H benzimidazole derivatives with hydro-
gen at position 1, the change in the AG is not higher than
1.45 kcal/mol.

Once the bioactive tautomeric forms, marked with an
asterisk in Table 4, were predicted by model 3, a fourth
CoMFA model was then developed with all 41 mole-
cules and the results were compared with those obtained
from model 1. For best correlation, the outlier was
included in both models. Results are summarized in
Table 3 (model 4). It is clear from this table that model
4 is significantly better than model 1. The good ¢* and r*
obtained in model 4 further suggest that selected tauto-
mers could be the bioactive form.

The biological activities of the selected tautomeric
forms, especially for tautomers 3b, 8a, 13a, 29a, 32a,
36b, and 40b, showed an interesting correlation with
the net natural charge on the group at position 2

(Fig. 3).

Interestingly, compounds with a positive net charge (8a,
13a, 29a, and 32a) have a high biological activity (e.g.,
pICsq greater than 7.26), and compounds with a nega-
tive net charge (3b, 36b, and 40b) have a low biological
activity (e.g., pICsp less than 6.89).

Table 3. Summary of CoOMFA models related to the tautomeric forms selection

Statistics CoMFA study based on CoMFA study based on best-predicted tautomers
lowest energy tautomers
Model 1 Model 2 Model 3 Model 4
7 0.292 0.455 0.490 0.707
r?° 0.634 0.794 0.815 0.868
Steric contribution 0.604 0.654 0.660 0.620
Electrostatic contribution 0.396 0.346 0.340 0.380
¢ 0.450 0.320 0.310 0.273
F 21.389 29.613 32.325 59.339
N°¢ 3 3 3 4
n* 41 27 26 41

2 Cross-validated >,

® Non-cross-validated r2.

¢Standard error estimate.

4 Fraction of explained versus unexplained variance.
¢ Optimum number of principal components.
fNumber of compounds in the training set.
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Table 4. Experimental and predicted pICs, for all tautomeric forms
using CoMFA model 3

Tautomer  plCsy Experimental — pICso Predicted  Residual
3a 6.876 7.361 —0.485
3b* 6.786 0.090
6a 7.076 8.053 -0.977
6b* 6.978 0.098
7a 6.903 8.014 —1.111
7b* 7.046 —0.143
8a* 8.301 7.841 0.460
8b 6.771 1.530
8¢ 7.267 1.034
9a” 6.717 6.888 -0.171
9b 5.813 0.904
10a* 7.409 7.831 —0.422
10b 6.763 0.646
13a* 7.260 7.294 —0.034
13b 6.744 0.516
17a* 7.658 7.238 0.420
17b 6.144 1.514
21a 5.876 7.238 —1.362
21b* 6.116 —0.240
23a 7.301 6.278 1.023
23b* 7.097 0.204
29a* 8.222 7.500 0.722
29b 6.928 1.294
32a* 8.000 7.952 0.048
32b 7.411 0.589
36a 5.423 6.878 —1.455
36b* 5.898 —0.475
40a 6.893 7.440 —0.547
40b* 6.889 0.004

In order to further explore the electronic distribution of
selected tautomeric forms based on model 3, the electro-
static potential density surface at DFT level was calcu-
lated to give an isovalue of 0.002. Figure 4 shows the
electrostatic potential density surface for all tautomeric
forms of the benzimidazole-2-thiol derivatives. As
expected, all thione forms have high electron density
at sulfur at position 2, and all thiol forms have low elec-
tron density in this group at this position. In this figure it
can also be seen that tautomeric forms predicted by the
CoMFA model 3 have a different density charge on the
group at position 2. In each tautomeric pair there is a

Tautomeric ~ *Net ghgrge pIC50
form on position 2

3b -0.224 6.880

8a 0.213 8.300

13a 0.221 7.260

29a 0.199 8.220

32a 0.208 8.000

36b -0.374 5.420

40b -0.204 6.890

* Natural charges from DFT calculation

tautomer with a high residual value (Table 4). Notably,
the best-predicted tautomers, having an activity greater
than 7.26 (i.e., 8a, 13a, 29a, and 32a), have a low elec-
tron density on sulfur at position 2 (e.g., a positive net
charge. See also Fig. 3). In turn, the best-predicted tau-
tomers that have an activity lower than 7 (i.e., 3b, 36b,
and 40b) have a high electron density on sulfur at posi-
tion 2 (e.g., a negative net charge. See also Fig. 3). This
observation suggests that activity is favored with low
electron density in this region.

2.2. Development of robust and thoroughly validated
CoMFA models

Once we determined the bioactive tautomeric forms de-
scribed before, we developed six new CoMFA models.
For this, five compounds with a different substitution
pattern in Table 1 were selected randomly as a test set,
as recommended.?* The new CoMFA models were
developed based on a training set of 36 compounds, 23
from Table 1 that have no tautomeric forms and the
13 bioactive tautomers determined by CoMFA model
3. Partial atomic charges determined by DFT and
PM3 calculations were used. Results are summarized
in Table 5.

From the data in Table 5 it can be seen that CoMFA
models 5-10 have a ¢* higher than 0.6, except COMFA
model 8 developed from Miilliken charges. In all models
r? is higher than 8.0. The best statistical results were for
model 7, obtained from DFT calculations and natural
charges; it has a ¢* value of 0.72 and a * value of
0.873. Considering semi-empirical calculations, the best
CoMFA model developed is model 9, since it uses only
4 principal components, while model 10 uses 5.

Validation is a crucial aspect of any QSAR study. The
leave-one-out R*> (LOO ¢°) cross-validation approach
is commonly used as a criterion for both robustness
and predictive ability; however, according to Golbraikh
and Tropsha, this approach per se is not sufficient to as-
sure the predictability of any QSAR model. Low values
of ¢* can indeed serve as indicators of low predictive
ability of the model, but as a matter of fact, values of
high ¢* do not necessarily imply high predictive ability

3
s | y = 3.4622x + 7.2621 .
R2 =0.788

pIC50

5 T T T )
-0.5 -0.3 -0.1 0.1 0.3

Net charge on position 2

Figure 3. pICs, versus net charge on position 2 for tautomeric form selected from CoMFA model 3 (Table 3).
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pICs Pred = 7.361 pICs) Pred = 6.786

pICsy Observed = 6.880

13a 13b
pICs) Pred =7.294

pICso Observed =7.2

pICs Pred = 6.744

8a 8bh
pICso Pred =7.841 pICso Pred = 7.267

pICsy Observed = 8.30

29b

pICs) Pred =7.500 pICs) Pred = 6.928

pICs) Observed = 8.22

32a 32b
pICs Pred =7.952 pICs) Pred =7.411

pICsp Observed = 8.00

36a 36b
pICs) Pred =6.878 pICs) Pred = 5.898

pICsy Observed = 5.420

40a
pICsy Pred =7.440

40b
pICs, Pred = 6.889

pICsy Observed = 6.890

Figure 4. Potential electrostatic density surface for tautomeric forms of the benzimidazole-2-thiol derivatives. Regions in red and orange indicate that
the sulfur atom at position 2 has a high electron density, while regions in light green indicate that the sulfur atom on the same position has a low
electron density. Regions in yellow and green have intermediate electron density, all of them obtained from DFT (B3LYP/6-31G") calculation.

Values of predicted pICs, were obtained from CoMFA model 3.

of the QSAR model, since in addition, it must meet the
criteria discussed in Section 4.5.

Therefore, in addition to the ¢* computed for models 5—
10, all models in Table 5 were further validated by pre-
dicting the activities of compounds in the test set. Re-
sults of this validation are also reported in Table 5.

Table 6 shows the predicted activities and residual
values made by the CoMFA model 7 for the test set.
Figure 5 shows the validation graphics made by the
CoMFA model 7.

All models in Table 5, except models § and 10, for which
(R* — RY)/R* and (R — R?)/R? > 0.1 meet the mini-
mal validation criteria presented in Section 4.5. In this

table, it can be seen that the CoOMFA model 7, although
it has the highest ¢ value (0.720), its R? value (0.9517) is
lower than the respective R> value for models 9 and 10
(0.9632 and 0.9820, respectively). The lack of correlation
between ¢> with R*> has been previously noted.?*
Although model 10 has the highest > and R* values
(0.8910 and 0.9820, respectively) it does not satisfy all
the validation criteria since (R®>— Ro?)/R> and
(R* — R})/R* > 0.1. These observations further sup-
port the convenience of assessing all criteria presented
in Section 4.5 to explore the predictive ability of CoM-
FA models rigorously.

The best CoMFA model from DFT calculations was
developed using natural charges (model 7), and the best
CoMFA model from PM3 calculations was developed
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Table 5. Different COMFA models obtained from quantum chemistry levels for the electrostatic calculations

DFT calculations B3LYP/6-31G*//HF/6-31G*

Semi-empiric calculations PM3/MMFF

Charges Charges

Miilliken Electrostatic Natural Miilliken MOPAC Gasteiger-Hiickel

Model 5 potential Model 6 Model 7 Model 8 Model 9 Model 10
7 0.686 0.633 0.720 0.595 0.633 0.666
s 0.855 0.849 0.873 0.846 0.849 0.891
n 36 36 36 36 36 36
N 3 4 4 4 4 5
F 63.544 43.58 53.080 42.487 43.696 48.824
s 0.283 0.295 0.212 0.298 0.294 0.255
Steric contribution 0.580 0.567 0.662 0.679 0.708 0.600
Electrostatic contribution 0.420 0.433 0.338 0.321 0.292 0.400
Rt 0.954 0.943 0.951 0.922 0.963 0.982
Ry 0.860 0.849 0.877 0.795 0.934 0.838
K 0.961 0.951 0.963 0.940 0914 0.917
(R? — RY)IR? 0.098 0.099 0.077 0.127 0.029 0.146
R 0.692 0.662 0.754 0.443 0.901 0.571
k'* 1.037 1.048 1.035 1.058 1.092 1.085
(R? — R?)/R" 0.274 0.298 0.277 0.519 0.064 0.417

2

¢, %, n, N, F, and s have the same meaning as in Table 3. Correlation coefficient R for the regression of § versus y and y versus y. ™Correlation

coefficient R for the regression through the origin. “*The slopes for the regression through the origin.

using MOPAC charges (model 9). Both models meet the
validation criteria. Models 7 and 9 can, therefore, be
used to predict the biological activity of compounds
not included in the training set. One of the advantages
of the model obtained from PM3 calculations is that it
is less expensive computationally. Hence, model 9
should be a good tool for the design of novel and more
active molecules with antiamoebic activity. On the other
hand, from the data in Table 5 it can also be seen that
the CoMFA models developed from high levels of theo-
ry DFT calculations do not always lead to noticeable
improvement of the CoMFA models as shown in the pa-
per recently reported by Occhiato.?®

Table 6. Predictions of CoMFA model 7 for the test set

Compound Experimental Predicted Residual
activity activity
27 6.67 6.09 0.58
32a 8.00 8.29 -0.29
33 7.43 7.14 0.29
37 6.24 5.72 0.51
38 7.89 7.53 0.35
a
o 85
@ g | y=1338c-27086 *
g R®=0.9517
'-'é 7.5
g 7
§ 6.5 y = 0.9633x
g 6 Ro®=0.8776
& 55
55 60 65 70 75 80 85

Experimental activities

Experimental activities &

2.3. CoMFA contour maps

The stdev* coefficient contour maps for the best CoM-
FA models developed from DFT and PM3 calculations
are depicted in Figure 6. As an aid in visualization, com-
pound 31 is displayed on the maps, which represent
those areas where changes in the field values of the com-
pounds in the training set have a strong influence over
the biological activity. Figure 6 shows areas where high
electron density is needed in the ligand to increase (red)
or decrease (blue) the biological activity and the areas
where an increased steric volume (green) in the ligand
is needed to favor biological activity. In the case of the
benzimidazole derivatives under study, it is seen that
the electrostatic contour maps, using either DFT or
PM3 calculations, show a large blue contour map close
to position 2 of the benzimidazole ring. This contour
indicates that a group with high electron density at this
position decreases the biological activity. This fact ex-
plains why the 2-methylbenzimidazole derivative 1
(8.15) is more active than the predicted thione form 3b
(6.88) or why the predicted thiol form 8a (8.30) is more
active than the 2-methylbenzimidazole derivative 6
(7.08). High electron density on groups at position 2

8.5 =0.7136x + 2.2826
y 12 X + -

8 | R?=0.9517 %
7.5 |

7 |

~—=  y=10858x

6.5 7 Ro?=0.754

61
5.5

5.5 6.0 6.5 7.0 7.5 8.0 8.5

Predicted activities

Figure 5. Validation of CoMFA model 7 graphics. (a) Predicted versus experimental activities and (b) Experimental versus predicted activities to the

best COMFA model obtained from the approach 2.
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Figure 6. Electrostatic and steric COMFA STDEV*COEFF contour maps for compound 31 obtained from (a) DFT (model 7) and (b) PM3 (model
9) calculations. For an increase of the biological activity, the positive charge, the negative charge, and the molecular volume have to be increased in

blue, red, and green regions, respectively.

of the benzimidazole ring can also be seen with electron-
withdrawing groups at this position, such as trifluoro-
methyl; therefore, one would expect this compound 16
(7.16) to be less active than compound 1 (8.15) with a
hydrogen at this position.

The green contour obtained by semi-empiric and DFT
calculations (Fig. 6) indicates that an increase in size sur-
rounding the substituent at position 5 of the benzimid-
azole ring favors the biological activity. This
information can explain why the benzimidazole deriva-
tives with a chlorine at position 5 are more active than
their corresponding analogues with hydrogen at that
position; thus, compounds 9a (6.72), 10a (7.41), 31
(8.30), and 33 (7.43) with a chlorine at position 5 are more
active than 4 (6.41), 5 (7.38), 28 (7.21), and 30 (6.71),
respectively, with a hydrogen at that position. In the case
of compounds 6 and 7, the predicted bioactive tautomeric
forms are 6b (7.08) and 7b (6.90), which have the chlorine
substituent at position 6 instead of position 5 and, there-
fore, are less active than 11 (7.60) and 12 (7.23), respec-
tively, with a chlorine substituent at position 5.

3. Summary and conclusions

A CoMFA study was carried out on 41 1H-benzimid-
azole derivatives, most of which were synthesized in
our laboratory and all of which had been tested by
our research group in previous studies and found to be
active in vitro against E. histolytica. As far as we know,
this is the first computational study aimed at exploring
the structural requirements for the activity of benzimid-
azole derivatives as antiamoebic agents. A particular
challenge of the present COMFA study was to determine
the putative bioactive tautomeric form of several of
these compounds in the data set. Theoretical calcula-
tions using DFT were employed to explore the most sta-
ble tautomers in gas phase; however, it was found that
not all of the most stable tautomers led to predictive
CoMFA models. A second approach was then under-
taken consisting of the determination of the preferred
tautomeric forms by QSAR-based predictions. As a re-
sult a CoMFA guided approach to select putative tauto-
meric forms with biological significance is presented.

Using best-predicted tautomers, CoOMFA models were
developed and validated; different charge models were

determined from DFT and PM3 calculations. The vali-
dation studies included not only the most-common crite-
rion ¢> but also several statistical criteria recently
proposed by Tropsha and Golbraikh, based on predic-
tions for an external set. The best COMFA model devel-
oped from DFT calculations has a ¢* value of 0.72, and
a R? value for an external set of 0.95. The best CoMFA
model developed from PM3 calculations has a ¢* value
of 0.633, and a R? value for an external set of 0.96. Such
CoMFA models help to rationalize, at the molecular le-
vel, the structure-activity relationships of some 1H-
benzimidazole derivatives against E. histolytica. Results
suggest that antiamoebic activity is favored with steric
bulk at position 5 of the benzimidazole ring and low
electron density of the group at position 2. CoMFA
models 7 and 9 are very valuable and could be useful
in the design of new and more potent molecules against
E. histolytica.

4. Materials and methods
4.1. Data set and biological data

The data set consists of 41 1 H-benzimidazole derivatives
(1-41) shown in Table 1. All biological activities of the
41 compounds used in this paper were determined in
the same laboratory, using the same protocol. The anti-
amoebic activity of compounds 1-20 was recently
reported by our research group,>* and compounds 21—
27 were reported by Andrzejewska et al.>’ As for com-
pounds 28-41, they were also synthesized and tested
in vitro against E. histolytica by our research group,
using the same procedure employed to prepare and test
1-20. All biological activities were converted into the
corresponding —logICsqy values (—logICso = pICs).

4.2. Molecular modeling

All molecular modeling calculations and visualizations
were carried out on a Silicon Graphics Octane2 work-
station running under the IRIX 6.5 operating system,
and a DELL Pentium 1V, 3.0 MHz Pc running under
LINUX Red Hat 7.0 operating system. All molecules
were constructed using the sketch module implemented
in SYBYL 6.8 (Tripos) molecular modeling software.?®
Semi-empirical calculations were carried out as follows.
All the molecules were sketched, and geometric optimi-
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zations were performed for each one using the MM
TRIPOS force field with a 0.005 kcal/mol energy gradi-
ent convergence criterion. After that, a second geometric
optimization for each molecule was performed using the
semi-empiric PM3 implemented in MOPAC SYBYL 6.8
module. Then, Mopac, Miilliken and Gasteiger-Htickel
atomic partial charges were calculated for each mole-
cule.?”3! DFT calculations were computed as follows.
The coordinates of the molecules from semi-empirical
calculations were then imported into SPARTAN’02
modeling software.3?> Geometric optimization was per-
formed again using Hartree-Fock level with a 6-31G*
basis set. Finally, a single point was employed to calcu-
late the energy applying density functional theory
(DFT), using the B3LYP hybrid method with a 6-
31G™ basis set. Spartan’02 allows the assignment of
atomic partial charges under three different schemes.
Natural, Milliken, and electrostatic potential charges
were calculated for all molecules.3-34

4.3. CoMFA methodology and structure alignment

The CoMFA studies were carried out with SYBYL 6.8
software. All molecules were aligned using the fit option
over all carbon atoms of compound 5, which was used
as a template. It was assumed that hydrogen and methyl
at N-1 in all compounds occupy the same position upon
binding to the receptor. Electrostatic and steric CoOMFA
fields were calculated at each lattice intersection of a reg-
ularly spaced grid of 2.0 A in all three dimensions within
a defined region. The grid was extended to 4.0 A in every
direction away from the molecule. A sp’ carbon as a ste-
ric probe atom and a +1 charge as electrostatic probe
were used. The maximum field values were truncated
at 30 kcal/mol for the steric fields and to *30 kcal/mol
for the electrostatic fields.

4.4. Partial least squares (PLS) analysis

The partial least squares analysis was used to generate a
linear regression equation that correlates changes in the
electrostatic and steric fields with changes in biological
activities (pICsp). This analysis was also used in conjunc-
tion with cross-validation to obtain the optimal number
of principal components. The cross-validation analysis
was performed using the Leave-One-Out (LOO)
method.

4.5. CoMFA models validation

For the evaluation of the predictive ability of the final
CoMFA models, a set of criteria defined by Golbraikh
and Tropsha was used.?*?> By this approach the exper-
imental activity (y) is plotted against the predicted activ-
ity (¥). For an ideal QSAR model the regression line
presented in Eq. 2 bisects the angle formed by positive
directions of the orthogonal axes y and y; the slope is
equal to 1, the intercept is equal to 0, and the correlation
coefficient R for the regression of ¥ versus y is equal to 1.

y =mjy+b, (2)

where m is the slope and b is the intercept on axis y.

When a real QSAR model is close to an ideal model, the
former model is able to predict with high precision the
biological activity values for a test set. In this case R be-
tween ¥ versus y and y versus § must be close to 1 and
the regressions of ¥ versus y and y versus y through
the origin (y° = k¥ and y° = k’y) should have at least
either k or k' close to 1. The slopes k and k' are charac-
terized by the following expressions:

W

Ty G)
Yy

S r @

where summations are overall compounds in the test set.
In addition, the corresponding determination coeffi-
cients R2 and R must be close to R%.

In summary, the final CoMFA models are considered
acceptable if they meet all of the following criteria:?*

¢ >0.5

R*>0.6

[(R* — Ry*)/R* < 0.1 or [(R? — R?)/R?* < 0.1
0.85<k<1.150r 0.85 <k'<1.15
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