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Abstract: p38-o. mitogen-activated protein kinase (MAPK) is considered to be a novel target
for the development of new anti-inflammatory agents. Inhibitors of this enzyme can provide new
therapeutics for the treatment of various inflammatory diseases, such as rheumatoid arthritis,
Crohn’s disease, and inflammatory bowel disease. Three-dimensional quantitative structure-
activity relationship (3D-QSAR) studies for pyridopyridazin-6-ones exhibiting p38-o. MAPK
inhibition were performed using comparative molecular field analysis (CoMFA) and compara-
tive molecular similarity indices analysis (CoMSIA). The study included 70 compounds. The
QSAR model was generated using a training set of 45 compounds. The energy-minimized
structure of the most active compound in the series, compound 70, was used as a template for
alignment, which was done with an aligned database. The optimum partial least squares analysis
model on CoMFA and CoMSIA descriptors showed “leave-one-out” cross-validation correlation
coefficients (¢*) of 0.611 and 0.493, and non-cross-validated correlation coefficients () of
0.973 and 0.815, respectively. The statistical quality of the generated model was further analyzed
by bootstrapping analysis and by more robust cross-validation testing using cross-validation
by two groups (leave-half-out method) to check the internal reliability within the dataset. The
predictive ability of the generated CoMFA and CoMSIA model was analyzed by an external test
set of 25 compounds, resulting in predictive correlation coefficients (rzpre ») 0f 0.630 and 0.403,
respectively. The generated model may provide useful guidance for future synthesis of potent
p38-00 MAPK inhibitors.

Keywords: three-dimensional quantitative structure-activity relationship, comparative molecu-
lar field analysis, comparative molecular similarity indices analysis, p38-oc MAPK

Introduction
Inflammation is a complex biological process associated with an exaggerated human
immune system response involving various activated immune cells and biomolecules.
There has been a new realization about the role of inflammation in a wide variety of
diseases, including cancer. While acute inflammation is a part of the defense response,
chronic inflammation can lead to cancer, arthritis, diabetes, and cardiovascular, pul-
monary, and neurologic disease.' p38-o. mitogen-activated protein kinase (MAPK) is
a serine-threonine kinase activated by environmental stimuli, including tumor necrosis
factor-a, interleukin-1p, and stress. Excessive production of tumor necrosis factor-o.
and interleukin-1f may lead to various diseases, such as rheumatoid arthritis, psoriasis,
and inflammatory bowel disease.”

In 2000, 5-(2,6-dichlorophenyl)-2-(2,4-difluorophenylthio)-6H-pyrimido [1,6-b]
pyridazin-6-one (VX-745) was discovered and found to have a high level of activity against
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a broad spectrum of kinases.® Since then, many compounds
have been discovered and are undergoing clinical trials for
inflammatory conditions.” Hence, p38-o. MAPK may be a novel
target for development of new anti-inflammatory agents.

A series of pyridopyridazin-6-ones with potent and
selective inhibition activity toward p38-a. MAPK have been
reported.®® In order to derive a correlation between the
structure and biological activity of these inhibitors, we car-
ried out a three-dimensional quantitative structure-activity
relationship (3D-QSAR) study using comparative molecular
field analysis (CoMFA)!® and comparative molecular simi-
larity indices analysis (CoMSIA)."! The CoMFA method is
applicable to a set of compounds showing biological activity
with a similar mechanism of action. Steric and electrostatic
interaction energies were calculated between each part of the
molecule and a probe atom, usually an sp3 carbon atom with
a +1.0 charge at lattice intersection points.'?

One of the advantages of CoMFA is its ability to pre-
dict the biological activity of molecules and represent the
relationship between steric and electrostatic properties and
biological activity in the form of contour maps. In CoMSIA,
a probe atom is used to calculate similarity indices, at regu-
larly spaced grid points for the prealigned molecules. The
advantage of CoMSIA over CoMFA is that no singularities
occur at the atomic positions because the fields are evalu-
ated using a Gaussian function and therefore no arbitrary
definitions of cutoff limits are used.!! Partial least squares
(PLS) analysis is used to calculate cross-validated * (°,)
and conventional 72 values.

In this paper, 3D-QSAR CoMFA and CoMSIA methods
were applied to generate quantitative models to predict the
activity of pyridopyridazin-6-ones and to specify regions in
space where interactive fields might enhance their activity.
The predictive ability of the generated model was validated
by an external validation technique using test set compounds.
The obtained model was further used to generate contour
maps for explaining the interaction of these compounds and
to study the structure-activity relationship.

Materials and methods
Dataset

Details of the compounds used for the present study are
taken from the literature.®® These molecules have been
reported as inhibitors of the p38-o MAPK enzyme. The
pyridopyridazin-6-ones were grouped into a training set of
45 compounds and a test set of 25 compounds. Selection of
training set and test set molecules was done randomly among
the series. The training set was used to generate 3D-QSAR

models, and the test set was used to validate the quality of
the model. All biological activities used in the present study
were expressed as:

pIC,, = —log IC,, (1)

where pIC, is the predicted nanomolar concentration of the
inhibitor producing 50% inhibition. In all the models subse-
quently developed, pIC, values were used as the dependent
variable. pIC_ is usually given in terms of molar concentration
(mol/L, or M). Therefore, to obtain a pIC,, an IC,; should
be specified in units of M. When IC, is expressed in uM
or nM, it needs to be converted to M before conversion to
pIC,,. The computation of pIC,, = log 1/IC, = —log IC, is
presented below:
Step 1. Consider IC_ value of compound 1 which is in nano-
molar concentration
Step 2. IC, value is 7 nmol/L =7 X 10~ mol/L
Step 3. Compute pIC, = —log IC,, = —(log 7 x 107) =
—(—8.155)=8.155

Similarly, the pIC,  values of other compounds are
calculated. Structures and related inhibitory activities are
shown in Table 1.

Molecular modeling and alignment

The molecular modeling studies were carried out using
SYBYL-X 2.0 (Tripos Associates Inc, St Louis, MO,
USA)."® Three-dimensional structures of all compounds
were drawn using the Sketch module and were charged
using the Gasteiger-Huckel method. Energy minimization
was performed using a standard Tripos molecular mechanics
force field with 10,000 iterations.'* Molecular alignment is
the most important part of 3D-QSAR analysis. In the pres-
ent study, structures of 1-70 compounds were aligned using
a common fragment by the align database for generation
of best CoMFA and CoMSIA models. Compound 70 was
selected as a template because it is the most potent derivative
in the series. The fragment used as the template for aligning
is shown in Figure 1. The aligned database of molecules is
shown in Figure 2.

Calculation of CoMFA and CoMSIA fields

To calculate the CoMFA and CoMSIA fields, a three-
dimensional cubic lattice was defined automatically with
grid spacing of 2 A and extending to 4 A units beyond
all the aligned molecules in all the three axes (X, Y, Z
directions). An sp* carbon atom bearing a +1 charge and
having a radius of 1.52 A° was used as a probe atom. The
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Table | p38-a MAPK inhibitory activity of 7-substituted quinolizin-2-ones (1-7) and pyridopyridazin-6-ones (8—70) used for training
and test sets

F
(¢]] Cl
F F O: N N F
0.
F X X N%/ N N/ S
N N~
NT X F
1-7 8-22 VX-745
Compound X p3soIC,, piC,,
number (nm)
I* - 7 8.155
2% S 320 6.495
3* (e} 190 6.721
4 CH, 93 7.032
5% NHCH, 870 6.060
6% CH, 890 6.051
7% CH, 490 6.310
8* F 32 8.495
”ﬁl
F
9% F 720 6.143
\o/\©\
F
10 F 4.7 8.328
”ﬁl
F
I 1% 10,000 5.000
\o Y
. |
12 g 1,300 5.886
O/\@
13 _O. : 160 6.796
14 - O\/\© 10,000 5.000
| 5% H 1,300 5.886
- \/@
16 \N 719 6.143
L
E F
17 F 35 8.456
H
/Nﬁl
F
18 N 20 7.699
H/\©
(Continued)
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Table | (Continued)

Compound X p38alIC piC,,
number (nm)
19 650 6.187
20 480 6.319
20% 1,430 5.845
22 7.6 8.119
23-52 a
b
c
d
Compound A B (o D E p38aIC piC,,
number (nm)
23* F - - - - 12 7.921
24% cl - - - - 44 7.357
25 CH, - - - - 92 7.036
26* OCH, - - - - 82 7.086
27 CF, - - - - 2,400 5.620
28 - F - - - 420 6.377
29 - Cl - - - 240 6.620
30 - CH, - - - 70 7.155
31 - OCH, - - - 10,000 5.000
32 - CF, - - - 10,000 5.000
33 - - F - - 48 7319
34% - - cl - - 79 7.102
35 - - CH, - - 260 6.585
36 - - OCH, - - 10,000 5.000
37 - - CF, - - 10,000 5.000
38 F F - - - 32 7.495
39% cl cl - - - 32 7.495
40 F - cl - - I 7.959
41 cl - F - - 14 7.854
42 @] - Cl - - 30 7.523
43* F - - F - 130 6.886
44* @] - - Cl - 280 6.553
45% F - - - F 95 7.022
46 @] - - - Cl 90 7.046
47%* F - F - F 200 6.699
48%* Cl - F - Cl 68 7.167
49% F F F F F 4,300 5.367
50 - F F - - 270 6.569
51 - Cl F - - 140 6.854
52 - cl cl - - 260 6.585
53% F 14 7.854
7 N\ O F
E
SN )
ps /
Fo

(Continued)
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Table | (Continued)

Compound A B C D E p38alIC pIC,,
number (nm)
54 N F 13 7.886
7N
5L - )
/ N
Q4
F O
55-70
Compound R, R, p38aIC piC,,
number (nm)
55 F H 17 7.770
56* F COOCH, 1.3 8.886
57 F /< 23 8.638
0N
=~ 7/
58 F o 32 7.495
e e
59 F o] 9 8.046
/lL HN
60 F o 99 7.004
A
6l = COOCH, 0.580 9.237
62 = 0 33 8.481
)L e
63 = o] 23 8.638
/lL HN
64 — o] 5.8 8.237
)L i
65 — o] 9.9 8.004
/lL HN
66 OCH, H 8.8 8.056
67 OCH, COOCH, 0.580 9.237
68 OCH, o 1.6 8.775
)L i >
69 OCH, o 1.6 8.796
/lL HN’
70 OCH, /< 0.330 9.481
¢
Y

Note: *Test set compounds.

Abbreviations: MAPK, mitogen activated protein kinase; pIC, , the predicted concentration of the compound producing 50% inhibition.

50

steric and electrostatic interaction fields were calculated  and the scale was set to the CoMFA standard. Interaction
using Lennard-Jones and Columbic potentials, respectively, — energies were calculated using a Tripos force field.

at each lattice intersection. Steric and electrostatic cutoffs The CoMSIA analysis mainly measures five descriptors,
were truncated to its default of £30 kcal/mol, respectively, ie, steric, electrostatic, hydrophobic, hydrogen bond donor,
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AN
N

Figure | Fragment used as a common structure for aligning database.

AN

and hydrogen bond acceptor.'? The region was defined
automatically using the probe atom with a charge of +1,
a hydrogen bond donor and acceptor property of +1 and
hydrophobicity +1, and the attenuation factor (o) was set to
its default of 0.3 to smoothen the function, and other param-
eters were the same as that of the CoOMFA field.

Partial least squares analysis

and model validation
To derive the 3D-QSAR models, the PLS analysis
approach, an extension of multiple regression analysis,

Figure 2 Alignment of compounds |-70 employed for comparative molecular field
analysis and comparative molecular similarity indices analysis.

was used, in which the CoMFA and CoMSIA descriptors
were used as independent variables and pIC, values as the
dependent variable. Before proceeding to PLS analysis, the
CoMFA and CoMSIA columns were added, and column fil-
tering was set to 2.0 kcal/mol to improve the signal-to-noise
ratio and to reduce the time needed for analysis.

The leave-one-out cross-validation method was car-
ried out to check the predictivity of the generated model
and to find the optimum number of components leading to
high cross-validation (¢?). In this method, one compound is
omitted from the dataset and the model is generated using
the remaining compounds in the dataset, and the generated
model is used further to predict the activity of the omitted
compound. Models are considered to be acceptable if they
provide a ¢* value >0.5 and 7 >0.616." The cross-validated
¢* was used to generate the optimum number of components
and the lowest standard error of prediction. It is generally
estimated as:

)y (Yprcdictcd - Yobscrvcd)
z (Yobserved - Ymean)

¢ =1- 2)

The optimum number of components obtained from the
leave-one-out cross-validation method was used further to
determine the non-cross-validated 7 (+, ) and to get the final
CoMFA and CoMSIA model. Finally, to check the statistical
confidence and robustness of the generated model, bootstrap
analysis was performed. This is a method in which # random
selections are made from the original set of n objects and is
performed several times (100 times were required to obtain
good statistical information). In each run, some objects may
be excluded from the PLS analysis, whereas others might be
included several times. The mean correlation coefficient is
represented as bootstrap 77 (7, ).'*"'®

Predictive correlation coefficient

The predictive ability of the generated 3D-QSAR model was
found from a test set of 25 compounds. These compounds
were aligned to the template and their pIC, values were
predicted. The predictive correlation coefficient (rzprc s
based on the test set of compounds, was calculated by the

following equation:

, _ (SD - PRESS)

pred = SD (3)

-
SD is the sum of the squared deviations between the inhibi-
tory activities of the test set and mean activities of the train-
ing set compounds and PRESS is the sum of the squared
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deviations between actual and predicted activity values for
each compound in the test set.!!

Results and discussion

To perform the 3D-QSAR analysis, all the compounds were
aligned together using fragment as shown in Figure 1, and
alignment of the database is reported in Figure 2. To check
whether the generated QSAR model is suitable for predicting
the activity of unknown compounds, a number of statistical
parameters were generated, including the cross-validated
correlation coefficient (¢?) by the leave-one-out method, the
non-cross-validated correlation coefficient (2 ), standard
error of estimate (SEE), significance value (F), and optimum
number of components, the average > from a bootstrapping
(r%,) analysis for 100 runs; the average SEE value from a
bootstrapping (SEE, ) analysis for 100 runs; cross-validation
() by two groups (leave-half-out method); and the predicted
correlation coefficient (rzpre ) for the test set compounds.

CoMFA studies

For the COMFA model, PLS analysis was carried out and the
best results were obtained by keeping the column filtering
at its default value of 2.0 kcal/mol for both the steric and
electrostatic fields. The highest ¢> value was used to find out
the optimum number of components with the lowest SEE.
PLS analysis was first performed using the leave-one-out
method, which showed a high ¢ value of 0.611 with seven
components for CoMFA. The non-cross-validated PLS
analysis was performed with the same seven components
and column filtering was set to off, resulting in 2 = 0.973,
F =193.933, and SEE = 0.219. Steric and electrostatic
field contributions were 0.580 and 0.420, respectively. All
the statistical parameters related to the CoMFA model are
given in Table 2, and the reliability of the model was sup-
ported with cross-validation and bootstrapping results. The
experimental and predicted pIC, values for the training set
and test set according to the CoOMFA model are given in
Tables 3 and 4, respectively, and the distribution is shown
in Figure 3.

CoMSIA studies

Because good results were obtained with CoMFA, the same
model was used for CoOMSIA, and the model was generated
using steric, electrostatic, hydrophobic, hydrogen bond
acceptor, and hydrogen bond donor fields. The CoMSIA
column was first added by creating the region automati-
cally and setting the attenuation factor to its default of 0.3.
PLS analysis was first performed using the leave-one-out

Table 2 Summary of CoMFA and CoMSIA results

PLS analysis CoMFA CoMSIA
Parameter

Compounds (n) 45 45
oo (@) 0.611 0.503
ONC 7 5

SEE 0.219 0.564
., 0.973 0.815
F value 193.933 34.458
Steric contribution 0.580 0.116
Electrostatic contribution 0.420 0.257
Hydrophobic contribution - 0.261
H-bond acceptor contribution - 0.142
H-bond donor contribution - 0.225
. 0.981 0.895
SEE,, 0.157 0.428
r, 0.595 0.546
Testset r* (1 ) 0.630 0.409
SEP 0.427 0.681

Abbreviations: ONC, optimum number of components; CoMFA, comparative
molecular field analysis; SEE, standard error of the estimate; CoMSIA, comparative
molecular similarity indices analysis; SEP, standard error of predictability; PLS, partial
least squares; g%, cross-validated correlation coefficient by the leave-one-out method;
r’nev, the non-cross-validated correlation coefficient; r’bs, the average r? from a
bootstrapping analysis for 100 runs; r’cv, cross validation correlation coefficient by
two groups (leave-half-out method); r’pred, predicted correlation coefficient for the
test set compounds.

method, which showed a ¢? value of 0.493 with five com-
ponents (the optimum component number) for CoMSIA.
Non-cross-validated PLS analysis was performed with the
same five components and the column filtering set to off,
resulting in an r2ncv = 0.815, SEE = 0.564, steric contribu-
tion=0.116, electrostatic contribution =0.257, hydrophobic
contribution = 0.261, H-bond donor contribution = 0.225,
and H-bond acceptor contribution = 0.142. All statistical
parameters related to the CoOMSIA model are shown in
Table 2. The statistical quality of the generated model was
analyzed further by bootstrapping analysis and by more
robust cross-validation using two groups (leave-half-out
method) to check the internal reliability within the dataset.
On cross-validation by two groups, >  for CoOMFA and
CoMSIA was found to be 0.595 and 0.546, respectively.
Values for bootstrapped 7, (the mean r* value of bootstrap-
ping analysis) and SEE were 0.981 and 0.157 for COMFA,
respectively, and 0.895 and 0.428 for CoOMSIA, respectively,
indicating that there was good internal reliability within the
dataset. These results show that the 3D-QSAR models gen-
erated in this study are relatively steady and retain statistical
significance and have high internal predictive ability.

The CoMFA model had a high ¢* value of 0.611 and 2
(rzpre ») of 0.630 for the test compounds as compared with
the CoMSIA model, which had a ¢? value of 0.493 and an
7? (rzpre ) value of 0.409 for the test compounds. Also, the
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Table 3 Experimental and predicted plC,  values and residual values of training set compounds by CoMFA and CoMSIA

Compound number Experimental values CoMFA CoMSIA
Predicted Residual Predicted Residual

10 8.328 8.326 0.002 7.648 0.680
12 5.886 5.823 0.063 5.385 0.501
13 6.796 7.025 -0.229 6.418 0.378
14 5.000 4916 0.084 5.352 —-0.352
16 6.143 6.018 0.125 6.986 —0.843
17 8.456 8.294 0.162 8.357 0.099
18 7.699 7.644 0.055 8.010 —0.311
19 6.187 6.116 0.071 5.982 0.205
20 6.319 6.605 -0.286 5.644 0.675
22 8.119 7.577 0.542 7.572 0.547
25 7.036 7.199 —-0.163 6.587 0.449
27 5.620 5.393 0.227 6.421 —0.801
28 6.377 6.506 —0.129 6.195 0.182
29 6.620 6.604 0.016 6.304 0316
30 7.155 6.721 0.434 6.389 0.766
31 5.000 5.178 -0.178 5.804 —-0.804
32 5.000 5.015 —-0.015 6.063 —-1.063
33 7319 7.297 0.022 6.691 0.628
35 6.585 6.634 —0.049 6.333 0.252
36 5.000 5.118 -0.118 6.112 —-1.112
37 5.000 5.041 —0.041 6.547 —1.547
38 7.495 7.763 —0.268 7.542 —0.047
40 7.959 7.556 0.403 7.131 0.828
41 7.854 7.837 0.017 7.220 0.634
42 7.523 7.683 —0.160 7.325 0.198
46 7.046 7.237 -0.191 7.083 —-0.037
50 6.569 6.635 —0.066 6.486 0.083
51 6.854 6.801 0.053 6.600 0.254
52 6.585 6.651 —0.066 6.707 —0.122
54 7.886 7.954 —0.068 7.496 0.390
55 7.770 7.772 -0.002 7417 0.353
57 8.638 8.868 —-0.230 8.937 -0.299
58 7.495 7.580 —0.085 7612 —0.117
59 8.046 7.781 0.265 7.803 0.243
60 7.004 7.102 —0.098 7.599 —0.595
6l 9.237 9.112 0.125 9.402 —0.165
62 848l 8.475 0.006 8.666 —0.185
63 8.638 8.730 —0.092 8.695 —0.057
64 8.237 8.156 0.081 8.159 0.078
65 8.004 8.091 —0.087 8.106 -0.102
66 8.056 8.588 -0.532 8318 —-0.262
67 9.237 8.861 0.376 9.111 0.126
68 8.775 8919 —0.144 8.564 0.211
69 8.796 8.646 0.150 8.676 0.120
70 9.481 9.463 0.018 9.858 -0.377

Abbreviations: CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity indices analysis; pIC

producing 50% inhibition.

standard error of predictability was low for the CoMFA
model (0.427) as compared with that for the CoMSIA model
(0.681). Therefore, the CoMFA model is more accurate,
reliable, and predictive for designing newer analogs. The

experimental and predicted pIC,; values for the training

set and the test set using the CoMSIA model are given in

the predicted concentration of the compound

Tables 3 and 4, respectively, and the distribution is shown

in Figure 4.

3D-QSAR visualization

The most important characteristic of CoMFA and

CoMSIA is that the results are visualized in the form
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Table 4 Experimental and predicted plC,  values and residual values of test set compounds by CoMFA and CoMSIA analysis

Compound number Experimental values CoMFA CoMSIA

Predicted Residual Predicted Residual
| 8.155 6.754 1.401 5.856 2299
2 6.495 7.028 —0.533 6.129 0.366
3 6.721 7.107 -0.386 5.715 1.006
4 7.032 6.854 0.178 6.393 0.639
5 6.060 7.320 —-1.260 6.981 —0.921
6 6.051 7437 —-1.386 6.182 —0.131
7 6.310 5.522 0.788 5.750 0.560
8 8.495 7.038 1.457 6.625 1.87
9 6.143 6.295 -0.152 5.628 0.515
I 5.000 5.956 —0.956 5.555 —-0.555
15 5.886 5.668 0.218 7.328 —1.442
21 5.845 7277 —1.432 7414 —-1.569
23 7.921 7.094 0.827 6.740 1.181
24 7.357 7.297 0.060 6.944 0413
26 7.086 7.232 —0.146 6.155 0.931
34 7.102 7.124 —-0.022 6.794 0.308
39 7.495 7.622 —0.127 7.889 —-0.394
43 6.886 7.824 —0.938 6.765 0.121
44 6.553 7.627 -1.074 6.993 -0.44
45 7.022 7.386 —0.364 6.821 0.201
47 6.699 7.645 —0.946 7.093 —-0.394
48 7.167 7.456 —0.289 7.356 -0.189
49 5.367 7.347 -1.980 6.892 —-1.525
53 7.854 7.872 -0.018 7.107 0.747
56 8.886 8.133 0.753 8.206 0.680

Abbreviations: CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity indices analysis; pIC,
producing 50% inhibition.

5o the predicted concentration of the compound

of three-dimensional coefficient contour maps which to identify the regions in three-dimensional space sur-
are calculated as the variation in molecular fields (the rounding the molecules and the important regions where
standard deviations and the least squares coefficients changes can be made in these fields which may affect the
(StDev*Coeff) assigned to each grid intersection were biological activity and be useful for further optimization
contoured within the binding pocket. Further, to visual-  of pyridopyridazin-6-ones as p38-oc MAPK inhibitors. For
ize the information derived from the 3D-QSAR model, better understanding, compound 70 is shown as composed
CoMFA and CoMSIA contour maps were generated of three regions (Figure SA-C).
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Figure 3 (A) Distribution of experimental and predicted plC,; values for training set. (B) Distribution of experimental and predicted plC,; values for test set compounds
by CoMFA analysis.

Abbreviations: CoMFA, comparative molecular field analysis; pIC, , the predicted concentration of the compound producing 50% inhibition.
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Figure 4 (A) Distribution of experimental and predicted pIC,; values for training set. (B) Distribution of experimental and predicted pIC,; values for test set compounds

by CoMSIA analysis.

Abbreviations: CoMSIA, comparative molecular similarity indices analysis; pIC,, the predicted concentration of the compound producing 50% inhibition.

CoMFA contour map analysis

To examine the three-dimensional field model generated
by CoMFA, the most potent compound in the series, com-
pound 70, was selected, and CoMFA contour maps were
generated around it by setting the contour style to solid for
visualization of the contour around the ligand, as shown
in Figure 6. The steric field contribution is illustrated by
green and yellow contour maps. The green areas favor
steric bulk, and adding bulky substituents near these areas
can improve activity, and yellow areas do not favor steric
bulk, so adding bulky substituents near these areas can
reduce activity.

In Figure 6A, a big cloud of green contour around region A
indicates that introduction of a bulky group in this region is
favored. This is evident from the experimental activity values
for compounds 1, 8, 10, 17,22, 23,4042, 53, and 70, which
have more bulky groups than compounds 2—7, 9, 11-16,

18-21,24-39, and 43-52. For compounds 1, 8, 10, 17,22, 23,
40-42, 53, and 70 the bulkier group in region A may impart
better activity than compounds 2-7,9, 11-16, 18-21, 24-39,
and 43-52 in which less bulkier groups are present, which
may lead to a decrease in activity. Also, the green contour near
region C indicates that accommodation of the bulky group
is favored in this region. This is evident by comparing the
activities of compounds 70 and 69, which have a more bulky
group near region C, hence were most potent.

As seen in Figure 6C of the contour map of compound 37,
there are no bulkier groups at regions A and C, while a bulky
group (—CF,) is placed in the yellow region, which is not
favored for bulky groups. Hence, this leads to a remarkable
decrease in the activity of compound 37. The electrostatic
field is represented by blue and red contour maps, indicating
the regions where electron-donating and electron-withdraw-

ing groups, respectively, are favored.

Figure 5 Compound 70 divided into (A), (B), and (C) regions.
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Figure 6 StDev*Coeff contour maps of comparative molecular field analysis showing
steric (A and C) and electrostatic fields (B and D) mapped with the most active
compound in the series, compound 70 (A and B) and the least potent compound in
the series, compound 37 (C and D).

Notes: Green contours show favorable bulky group substitution at that point while
yellow regions show disfavorable bulky group for activity. Red contours indicate negative
charge favoring activity, whereas blue contours indicate positive charge favoring activity.
Abbreviation: StDev*Coeff, standard deviations and the least squares coefficients
assigned to each grid intersection were contoured within the binding pocket.

Compound 70 was again selected as the reference
standard. As seen in Figure 6B, the red contour near region
A indicates that electron-withdrawing substituents in this
area can increase activity. This is evident from compounds
11, 14, 21, and 70, which can be ranked according to their
activity as 70 > 11 > 21 > 14, in which compound 70 has
two electron-withdrawing groups in region A, while the others
have no electron-withdrawing groups in this region. Hence,
compound 70 is the most potent among the series. The blue
contour is observed near —O— of region A, suggesting that
electron-donating groups outside region A will enhance activ-
ity, which is evident from activity of compounds 8, 11, 17, 21,
and 70. The activity of compounds 8, 11, 17,21, and 70, which
contain —O, —NH—, —S—, —OCH2, and —CH2—, respectively,
can berankedas 70 > 8 > 17 > 11 > 21. Also, a blue contour
is present around the oxadiazole of region C, indicating that
electron-donating groups would enhance activity, which is
evident from the experimental values of compound 61.

Figure 6A and B, shows a green contour and a red contour
near region A, indicating that bulky groups along with electron-
withdrawing substituents in this region are favored for activity,
which is evident from the most potent compound in the series,
compound 70. Compound 37 lacks these bulky substitutions, as
shown in Figure 6B, and hence is found to be the least potent.

CoMSIA contour map analysis
Contour maps for steric and electrostatic fields in the CoMSIA
model are almost the same as those in the CoMFA model. Few

Figure 7 StDev*Coeff contour maps of comparative molecular similarity indices
analysis showing (A) steric, (B) electrostatic, (C) hydrophobic, (D) hydrogen bond
donor, and (E) hydrogen bond acceptor fields in combination with compound 70.
Notes: Green contours show favorable bulky group substitution at that point while
yellow regions show disfavorable bulky group for activity. Red contours indicate
negative charge favoring activity, whereas blue contours indicate positive charge
favoring activity. The magenta contour for hydrophobic favored region, gray indicates
the hydrophilic favored region. The purple contour for H-bond acceptor group
increases activity, cyan indicates the disfavored region; the orange and blue contours
represent favored and disfavored hydrogen bond donor groups respectively.
Abbreviation: StDev*Coeff, standard deviations and the least squares coefficients
assigned to each grid intersection were contoured within the binding pocket.

more contours are seen for the steric and electrostatic fields
which are elaborated here. The green contour seen near the
oxadiazole ring of region C in Figure 7A shows that the bulky
group in this region is favorable for activity. The oxadiazole
ring in compound 70 is mapped in this green contour, but is
absent in the least potent compound in the series, compound
37, as seen in Figure 8A. Also, the green contour near the
ortho and para position of region A shows that bulky groups
are favored in this region, as illustrated in compound 70,
which have two fluoro substituents, while compound 37 lacks
bulky substituents and has only one —CF, substituent, leading
to a decrease in activity. In Figure 7B, the blue contour near
the ortho position of the benzene ring in region C indicates
that electron-donating groups in this region favor inhibitory
activity. The activity of compound 37 is remarkably decreased
because it has electron-withdrawing substituents like fluoro
at this position.

The yellow region in the CoMSIA hydrophobic contour
plot indicates that hydrophobic substituents in this region
enhance inhibitory activity, while the white contour indicates
that hydrophilic substituents will improve activity.
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Figure 8 StDev*Coeff contour maps of comparative molecular similarity indices
analysis showing (A) steric, (B) electrostatic, (C) hydrophobic, (D) and hydrogen
bond donor, and (E) acceptor fields in combination with compound 37.

Notes: Green contours show favorable bulky group substitution at that point while
yellow regions show disfavorable bulky group for activity. Red contours indicate
negative charge favoring activity, whereas blue contours indicate positive charge
favoring activity. The magenta contour for hydrophobic favored region, gray indicates
the hydrophilic favored region. The purple contour for H-bond acceptor group
increases activity, cyan indicates the disfavored region; the orange and blue contours
represent favored and disfavored hydrogen bond donor groups respectively.
Abbreviation: StDev*Coeff, standard deviations and the least squares coefficients
assigned to each grid intersection were contoured within the binding pocket.

In Figure 7C, the yellow contours of compound 70
observed near the ortho and para position of ring A indicate
that bulky substituents are favored in this region. Compound
70 has two bulky substituents in this region, and is the most
potent among the series. The least potent compound in the
series, compound 37, has fewer bulky substituents in this
region, leading to decreased activity. Also, the white contour
found near —O— of region C indicates that hydrophilic sub-
stituents are favored in this region, which is evident from the
contour of compound 37 as seen in Figure 8C which lacks
the hydrophilic group and has a bulky —F group, leading to
a marked decrease in activity.

In the CoMSIA hydrogen bond donor contour maps,
a cyan contour indicates that hydrogen bond donor
substituents in this region are favorable for activity, while a
purple contour indicates that hydrogen bond donor substitu-
ents in this region decrease activity.

In Figure 7D, only one small cyan contour was observed,
suggesting that hydrogen bond donor substituents had little
influence on activity. The cyan contour was observed near

—O—in region A, indicating that hydrogen bond donor sub-
stituents in this region favor activity, which is evident from
the experimental activity of compounds 70, 17, and 18. In
CoMSIA hydrogen bond acceptor contour maps, a magenta
contour indicates that hydrogen bond acceptor substituents
in this region are favorable for activity, while a red contour
indicates that hydrogen bond acceptor substituents in this
region decrease activity.

In Figure 7E, a magenta contour was observed near the
3-N of oxadiazole in region C, meaning that hydrogen bond
acceptor substituents in this region enhance activity. A red
contour was also observed near the same region, indicating
that a bulky substituent in the same region would decrease
activity. This is evident from compounds 59, 61, 63, 67,
68, and 69, in which a hydrogen bond acceptor substituent,
—C=0, is present and has high potency.

Conclusion

In the present study, CoOMFA and CoMSIA were per-
formed using a training set of 45 p38-a0 MAPK inhibitors.
PLS analysis was performed in order to correlate the CoMFA
and CoMSIA descriptors with the observed experimental
activity. A significant 3D-QSAR model was generated.
This model was further validated by cross-validation and
bootstrapping, and the results were found to be significant.
Further, this optimized model was used for external validation
to predict the activity of 25 test set compounds and had good
prediction ability, with a high r2prc , observed for the CoMFA
model. Our results show that the CoMSIA model generated
has a high SEE and that the predictability power was less than
that for the CoMFA model. The bulky electron-withdrawing
groups were favored in region A at the ortho and para posi-
tion. Also, hydrogen bond acceptor groups, like —C=0, in
region C will increase p38-o¢ MAPK inhibitory activity.
Hence, the CoMFA model can be used further to design novel
pyridopyridazin-6-ones as p38-o. MAPK inhibitors.
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