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Abstract The p38 protein kinase is a serine—threonine
mitogen activated protein kinase, which plays an
important role in inflammation and arthritis. A com-
bined study of 3D-QSAR and molecular docking has
been undertaken to explore the structural insights of
pyrazolyl urea p38 kinase inhibitors. The 3D-QSAR
studies involved comparative molecular field analysis
(CoMFA) and comparative molecular similarity indi-
ces (CoMSIA). The best COMFA model was derived
from the atom fit alignment with a cross-validated r*
(¢%) value of 0.516 and conventional r* of 0.950, while
the best COMSIA model yielded a ¢* of 0.455 and r* of
0.979 (39 molecules in training set, 9 molecules in test
set). The CoMFA and CoMSIA contour maps gener-
ated from these models provided inklings about the
influence of interactive molecular fields in the space on
the activity. GOLD, Sybyl (FlexX) and AutoDock
docking protocols were exercised to explore the pro-
tein—inhibitor interactions. The integration of 3D-
QSAR and molecular docking has proffered essential
structural features of pyrazolyl urea inhibitors and
also strategies to design new potent analogues with
enhanced activity.
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Introduction

Mitogen activated protein kinases (MAP kinase) play
crucial roles in the signal transduction pathways and
are activated by various extracellular signals triggered
by growth factors, physicochemical stress and cyto-
kines [1, 2]. Four major cascades of MAP kinases have
been reported namely, extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase or stress acti-
vated protein kinase (JNK/SAPK), ERKS or big MAP
kinase (BMK1) and p38 group of MAP kinases [3, 4].
The activation of MAP kinases involves dual phos-
phorylation of threonine and tyrosine residues in TXY
motif that are located in the regulatory loop [5, 6].

Four isoforms of p38 kinase namely p38ux (or p38),
p38pS, p38y and p385, which differ in their tissue
expression have been identified [7-10]. These homo-
logues exhibit 40-70% sequence similarity among
themselves and a common feature of presence of 12
amino acids in the activation loop, which comprises
TGY motif [11]. A plethora of downstream substrates
have been identified for p38 MAP kinase including
downstream protein kinases (MAPKAPK-2 and
PRAK), and several transcription factors (ATF-1 and
2, Elk-1, CREB, MEF2C and CHOP) [12, 13]. These
substrates are in turn responsible for the biosynthesis
of inflammatory proteins. Thus, p38 MAP kinase plays
an important role in the biosynthesis of inflammatory
proteins such as IL-1, IL-6, IL-8, TNF-o, and GM-CSF
[14, 15].

The discovery of triaryl imidazole inhibitors (such as
SB203580) having p38 kinase inhibitory activity as
novel anti-inflammatory agents, has triggered the
medicinal chemists with a relentless quest to search for
selective p38 kinase inhibitors for the treatment of
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inflammatory diseases [16]. The reported structure
activity relationship of archetypal pyridinylimidazole
derivatives has revealed that pyridine ring at the Sth
position is crucial for the activity, which may be
attributed to the formation of hydrogen bond with
Met109 in the ATP binding site [17-19]. Although, the
representatives of pyridinylimidazole inhibitors have
demonstrated encouraging in vitro p38 kinase inhibi-
tory profile, they have suffered severe set back in
clinical trials as they were found to inhibit the
hepatic cytochrome P450 enzymes [20]. A number of
new lead molecules have been identified that are
distinct from pyridinyl/pyrimidinylimidazoles, viz
diamides, benzophenones, indole amides, N-pyrazolyl
ureas, dihydroquinazolinones, pyrido[3,2-d]pyrimidi-
nones, pyridones and pyridylamino-quinazolines
[21-23].

In the present study, we have selected a set of
N-pyrazolyl urea derivatives that have been reported
as potent and selective p38 kinase inhibitors in bio-
chemical and cellular assays [24, 25]. These pyrazolyl
urea inhibitors are structurally distinct from the tradi-
tional pyridinyl/pyrimidinyl imidazole inhibitors and
have also been demonstrated the p38 kinase inhibition
by a different mechanism. The X-ray crystallographic
analysis (co-crystallized with BIRB 796, a potent pyr-
azolyl urea in phase II clinical trials) has revealed that
the pyrazolyl urea inhibitors bind to the allosteric site
rather than ATP binding site by inducing a large con-
formational change in the Aspl68-Phel69-Gly170
(DFG) motif [26, 27]. Side effects that are caused by
lack of target selectivity is found to be a major problem
for many drugs, particularly those that target the pro-
tein kinases. In this regard the advantage of pyrazolyl
urea inhibitors is that they target the unique allosteric
site, as a result of which BIRB 796 has shown higher
selectivity for p38 kinase over 11 other protein kinases
[27].

Initially, 3D-QSAR studies were carried on reported
N-pyrazolyl urea p38 kinase inhibitors (Table 1) in or-
der to probe the biological affinity and to gain insight
into the structure activity relationship. Further, to
ascertain the binding interactions and conformations,
all the molecules were docked in to the active site of p38
kinase. In this paper, we report the best predictive 3D-
QSAR models derived by employing CoMFA [28] and
CoMSIA [29, 30] techniques along with the overall
binding interactions of N-pyrazolyl urea inhibitors with
p38 kinase by using GOLD, Sybyl (FlexX) and Auto-
Dock protocols. Based on the molecular field infor-
mation of 3D-QSAR tools and molecular docking
protocols, a few strategies were proposed to design new
molecules with improved activity.
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Materials and methods
Dataset and molecular modeling

A series of 48 pyrazolyl urea analogues have been
selected from the literature to derive CoMFA and
CoMSIA models, the structures and their p38 kinase
inhibitory activities are listed in Table 1 [24, 25]. The
activities of the dataset were distributed with in a range
of 11-800 nM (approx. 70-fold). The inhibitors were
randomly sorted out into training and test set con-
taining 39 and 9 molecules, respectively. The p38 MAP
kinase inhibitory activity (ICsy) was expressed in nano
molar and converted into plCsy using the formula
pIC50 = —lOg ICSO.

All the molecular modeling studies were performed
using Sybyl 6.9 version [31]. The crystal structures of
p38 kinase with two reported inhibitors (1KV1 with I
and 1KV2 with II, BIRB 796) were collected from
Brookhaven Protein Databank (PDB). The confor-
mation of the BIRB 796 (Scheme 1) was considered to
model the most active molecule 28. Then the modeled
structure was minimized using Tripos force field with
distance dependent dielectric function and applying
Gasteiger-Hiickel partial atomic charges. Rests of the
molecules were constructed using 28 as a template and
minimized similarly.

Alignment

The crux of the 3D QSAR is the alignment of the
inhibitors that defines the presumed pharmacophore of
the series under the study. Three different alignment
procedures were employed to test the sensitivity of
CoMFA results. Among the dataset the common
scaffold that depicted in Scheme 2 is used for the
alignment.

The various alignment protocols that are employed
in the study

Alignment 1. RMS fit alignment (atom fit) in which
heavy atoms of the compound 28 were selected to
superimpose rest of the molecules by minimizing the
RMS distance (model I).

Alignment 2. Flexible alignment (multi fit), all the
molecules were aligned with template by applying
force (force constant 20 kcal/mol) and subsequent
energy minimization (model II).

Alignment 3. Sybyl database alignment (model III).

For docking studies, between the two structures,
KV1 and KV2, as the structural differences that are
induced by the ligands are mostly trivial we have taken
KV?2 as a receptor. To the downloaded structure all the
hydrogens were added after deleting the water and that
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Table 1 Structures and p38
inhibitory activity (ICsp, in
nM) of pyrazolyl ureas 7 \ o /©/X | X
N
N N)LN = Z\R
| H H
S. No X V4 R 1Cso
1 o CH H 270
2 O CH tBu 183
3 (0] CH OCH,Ph 110
4 O CH NHCOCHj3; 235
5 (0] CH NHCOCH,CH(CH3), 45
6 (0] CH NHCOCH,CH3; 69
7 (0] CH NH, 310
8 (0] CH NHCOOEt 33
9 (0] CH NHCOO-iPr 54
10 S CH OH 35
1 S CH OnPr 57
12 S CH OnBu 69
13 CH, CH NHCOCH,CH(CH3), 37
14 CH, CH NHCOO-tBu 87
15 CH, CH NH, 290
16 CH, CH NHCOCHj3; 70
17 CH, CH NHCOCH,CHj; 38
18 CH, CH NHCO(CH,),COOH 200
19 CH, N - 42
20 S N - 13
21 S CH, N - 140
22 CH,S N - 44
23 NH N - 420
24 CH,CH, N - 430
25 O CH, N - 260
R4
N R3
N { \ )J\
s
R H H Rt
S. No R R1 R2 R3 R4 ICs
26 CHj; Cl Cl H H 53
27 CeHs Cl Cl H H 30
28 3-NO, C¢Hy4 Cl Cl H H 11
29 3-NH, C¢H,4 Cl Cl H H 13
30 4-NH, C¢H,4 Cl Cl H H 29
3 CH,COOEt Cl Cl H H 105
32 CHj; H Br H Br 325
33 CH; H H COOBu H 290
34 CH; H CeHs H H 797
35 H Cl Cl H H 44
36 CH,CH,CN Cl Cl H H 180
37 CH,CF; Cl Cl H H 81
38 CH,CH,0OH Cl Cl H H 130
39 4-iPrCeHy Cl Cl H H 110
40 4-OCH;CeHy Cl Cl H H 53
41 3-CF;CgHy Cl Cl H H 56
42 3-OCH;CeHy Cl Cl H H 35
43 4-NO,CgHy Cl Cl H H 39
44 4-SO,CH;CgHy Cl Cl H H 32
45 4-CICgH4 Cl Cl H H 42
46 3-FC¢Hy Cl Cl H H 33
47 2-CsH4N Cl Cl H H 120
48 2-CH;3C¢Hy Cl Cl H H 43
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was followed the Kollman_all partial atomic charges
assigning. Using the Tripos force field minimization
was performed up to 100 iterations. Then the active
site was defined by considering all the important active
site residues and further docking parameters were
applied as mentioned in the methodology.

Results and discussion
CoMFA results

Three CoMFA models were built based on three
different alignment protocols and the results are
summarized in Table 2. CoMFA model derived from
multifit alignment (model II) has resulted in a cross-
validated ¢* value of 0.486 with six components, non-
cross validated 7% value of 0.948 and standard error of
estimation (SEE) of 0.106. The steric and electrostatic
contributions were found to be 83.5% and 16.5%,
respectively. Comparatively, better correlation has
been observed with database alignment (model III),
which has shown a ¢* value of 0.536 with six compo-
nents, 7> value of 0.950 and SEE of 0.109 that was
supported by 86% and 14% steric and electrostatic
contributions, respectively. But the best CoOMFA model
was obtained from the atom fit alignment (model I)

Table 2 Summary of CoMFA statistics

Parameters Alignments

I II 111
IS 0.950 0.958 0.950
7 0.516 0.486 0.532
SEE 0.108 0.106 0.109
SEP 0.337 0.410 0.340
Number of components 6 6 6
F value 100.92 95.68 102.40
% Contribution
Steric 84.5 83.5 85.2
Electrostatic 15.5 16.5 14.8
rf)red 0.663 0.570 0.595
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with g? value of 0.516 with six components, * value of
0.950 and SEE of 0.108. The steric and electrostatic
contributions were 84.5% and 15.5%, respectively.
Figure 1 portrays the atom fit alignment of dataset
molecules. Model I has been considered for further
analysis due to its better rf)red. Group cross validation
was performed for 50 runs to substantiate the model
and resulted in a mean group cross-validated r* was
0.513. Bootstrapping analysis for 100 runs was resulted
with an rgs of 0.975 and a deviation of 0.011 (Table 3).

CoMSIA results

The atom fit model of CoMFA was further used to
develop CoMSIA models and nine different models
with varying CoMSIA field combination were gener-
ated. The results of all different contributions are listed
in Table 4. A model with the combination of steric,
hydrophobic and hydrogen bond acceptor fields has
exhibited ¢* and * value of 0.455 and 0.979, respec-
tively with considerably good F-value, 179.72 from
seven components. The steric, hydrophobic and
hydrogen bond acceptor field contributions were 34.9,
31.4 and 33.7, respectively. This model was further
subjected to group cross validation for 50 runs and
correlation of 0.431 was obtained. The robustness of
this model was ascertained by boot strapping for 100
runs as summarized in Table 3. The activity predicted
by CoMFA and CoMSIA for both training and test sets
are listed in Tables 5 and 6 and the graphs of experi-
mental activity against the CoMFA and CoMSIA

).

/
Iz
Iz

Scheme 2
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Fig. 1 Aligned molecules
dataset using atom fit
alignment

predicted activities of both training and test sets are
presented in Fig. 2.

Docking results

The inhibitor (I) in the crystal structure 1KV1 (source:
human) occupies new allosteric binding pocket, which
is different from ATP binding pocket. Furthermore,
the inhibitor orients ~60° to ATP and no overlap has

Table 3 Showing the bootstrapping results of CoMFA and
CoMSIA

been observed between the inhibitor and ATP. It has
also been reported that for appropriate binding inter-
actions a large conformational change is required in
the conserved region of the active site (Aspl68-
Phel69-Gly170) residues. To facilitate the required
interactions, the side chain of Phel69 moves away by
~10 A to new position (DFG out conformation) so that
one face of Phel69 side chain shields the inhibi-
tor while other side is exposed to the solvent. This
conformational change in Phel69 creates a large
hydrophobic pocket that accommodates the -butyl
pyrazole moiety of I [27]. With regards to hydrogen
bond interactions, Glu71 forms two hydrogen bonds
with urea hydrogens and Asp168 forms one hydrogen

e 28
i - ‘ bond with urea oxygen. On the other hand, inhibitor II
C o . .

CoMFA CoMSIA CoMFA CoMSIA (BIRB 796) containing a tolyl group on pyrazole ring
Mean 0.975 0.988 0.513 0.431 has demonstrated hydrophobic interactions with the
SD 0.011 0.006 0.325 0.360 side chain of Glu71 in helix «C. A slight change has
* From 100 run boot strapping been noticed in tbe conformation of the Glu71 which
® CoMFA with atom fit based alignment leads to form a single hydrogen bond betyveen Glu71
© CoMSIA model generated by the combination of steric, and urea hydrogen and this new conformation of Glu71
hydrophobic and hydrogen bond acceptor fields is favorable for the hydrophobic interaction with the
4 From mean of 50 run group cross validation tolyl group and thus contributing for the activity [27].
Table 4 Summary of CoMSIA statistics
CoMSIA fields r q SEE SEP NC F % Contributions

S E H D A

SE 0.869 0.267 0.175 0.414 6 35.41 76.6 234 - - -
SA 0.908 0.259 0.149 0.259 7 43.61 54.7 - - - 45.3
SEHA 0.977 0.430 0.076 0.436 8 159.66 31.3 6.3 30.7 - 31.9
SHDA 0.936 0.445 0.124 0.183 8 65.11 23.0 - 27.5 21.7 27.7
SHA 0.979 0.455 0.072 0.369 7 179.72 34.9 - 31.4 - 33.7
EA 0.857 0.268 0.189 0.428 8 22.54 - 374 - - 62.6
EHA 0.975 0.495 0.081 0.361 9 124.65 - 10.1 50.8 - 31.4
HA 0.975 0.540 0.081 0.345 9 125.00 - - 57.6 - 42.4
SEHDA 0.940 0.176 0.120 0.446 7 65.11 22.1 5.4 26.0 212 253
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Table 5 Predicted activities and residuals of training set mole-
cules of CoMFA and CoMSIA models

S.No pICsy CoMFA CoMSIA
Predicted Residuals Predicted Residuals

1 6.57 6.428 0.140 6.503 0.064
4 6.63 6.476 -0.118 6.795 -0.167
5 7.35 7.430 -0.084 7.285 0.061
7 6.51 6.334 0.174 6.384 0.124
9 7.27 7.256 0.014 7.328 -0.061
10 7.45 7.666 -0.210 7.478 -0.023
11 7.24 7.139 0.105 7.192 0.052
12 7.16 7.095 0.066 7.208 -0.046
13 7.43 7.377 0.054 7.514 -0.082
14 7.06 7.058 0.001 7.024 0.036
15 6.54 6.645 -0.107 6.664 -0.129
16 7.15 7.029 0.125 7.081 0.072
17 7.42 7.381 0.038 7.375 0.044
18 6.70 6.812 -0.114 6.648 0.050
19 7.38 7.295 0.080 7.336 0.040
20 7.89 7.838 0.048 7.875 0.011
21 6.85 6.862 -0.009 6.838 0.015
22 7.36 7.379 -0.023 7.391 —-0.035
23 6.38 6.468 -0.092 6.294 0.081
25 6.59 6.636 —0.050 6.655 -0.070
26 7.22 7.188 0.032 7.238 -0.018
27 7.52 7.633 -0.113 7.531 -0.010
28 7.95 7.909 0.040 7.939 0.011
29 7.89 7.662 0.227 7.914 -0.023
31 6.98 7.065 -0.085 6.964 0.015
32 6.49 6.467 0.021 6.493 -0.004
33 6.54 6.653 -0.116 6.565 -0.027
34 6.10 6.024 0.079 6.154 -0.056
35 7.36 7.291 0.064 7.306 0.050
36 6.74 6.768 -0.024 6.773 -0.028
37 7.06 7.037 0.022 7.079 -0.018
38 6.89 6.844 0.041 6.849 0.037
39 6.96 7.098 -0.139 7.005 -0.047
40 7.28 7.264 0.016 7.259 0.022
42 7.46 7.389 0.071 7.437 0.023
43 7.41 7.369 0.039 7.402 0.006
44 7.49 7.526 -0.031 7.517 -0.023
46 7.48 7.436 0.045 7.335 0.145
47 6.92 7.140 -0.222 7.014 -0.093

Table 6 Predicted activity of test set molecules with the resid-

uals
S.No pICsy CoMFA CoMSIA
Predicted Residuals Predicted Residuals

2 6.74 6.876 -0.138 6.936 -0.198
3 6.96 7.105 -0.147 6.961 —-0.003
6 7.16 7.052 0.108 6.921 0.240
8 7.48 7.182 0.298 7.623 -0.141
24 6.37 6.755 -0.389 6.825 -0.459
30 7.54 7.258 0.281 7.362 0.178
41 7.25 7.464 -0.212 7.250 -0.028
45 7.38 7.322 0.054 7.236 0.139
48 7.37 7.499 -0.132 7.541 -0.175
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In addition to above interactions, another hydrogen
bond between morpholine oxygen and backbone NH
of Met109 also enhances the activity.

Three docking protocols, GOLD, Sybyl (FlexX) and
AutoDock, are employed in order to get an overall
picture of binding conformations and inhibitor—protein
interactions. After careful examination of these three
results, a complete overview of receptor—inhibitor
binding interactions is presented herewith. For better
understanding of the inhibitor structure, it is parti-
tioned as portrayed in the Scheme 3.

The urea group (U) was observed lying in allosteric
pocket and encircled by Asp168 on one side, side chain
of Leul67 on top, side chain of Leu75 on rear, side
chains of Glu71 and Lys53 from the underside. As
expected, the Glu71 and Aspl68 residues were in-
volved in hydrogen bond formation with urea hydro-
gen and oxygen atoms, respectively. The -butyl
pyrazolyl moiety (P1) was positioned in a lipophilic
pocket where the pyrazolyl ring stacked between
His148 ring and side chain of Leu75 and #-butyl group
pierced deeply in a large lipophilic pocket created by
Leu74, Val83, 1le84, Ile141, Ile146, Met78 and Ile166.
The urea phenyl ring (P2) was stacked between 1le84,
Val38, Ala51 and Lys53, and also exhibiting T-shape
n-m interaction with Phel69 (~5.4 A) as depicted in
Fig. 3. The substituents of Nl-pyrazolyl ring (P1S)
were exposed to solvent region. The substituents on
phenyl ring were observed to force the phenyl ring to
orient in such a fashion that it could display cation—n
interaction with side chain NH3 of Lys53 with a dis-
tance ranging between 6-7 A in addition to the lipo-
philic interactions with side chain of Glu71. Also, there
was a possibility for meta and para groups to form
hydrogen bonds with near by residues, Lys53, Arg67
and Glu71. The residues Leul67, Lys165, Alal57,
Met109, Thr106 and Val38 were found around the P2S
substituents.

CoMFA and CoMSIA contour maps

Figure 4 depicts the CoMFA steric and electrostatic
maps. In CoMFA contour maps, three green steric
favorable regions have been observed. A green con-
tour is found around meta/para position of aryl group
of the P1S, a big green contour is on the brink of P2S
and another contour is seen next to the ortho position
of P2. Four sterically unfavorable yellow regions are
noticed, a yellow contour map is located near P1S, a
couple of yellow contours is close to the meta position
of P2 and the another yellow contour in proximity to
P2S are spotted. A red and a blue contour are located
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Fig. 2 Predicted versus 825-
experimental activities of CoMFA 8.251 CoMSIA
training and test sets using 8001 o Training et ° 8.00 B °
CoMFA and CoMSIA ~ 775{ * Testset ° ~ 75] o Training Set s
2 Y Y 2 1.197 Test Set
models @) iy O A
7, 7501 * ? "2, 7.50- ?’
= od
25 0 x 2 _
:‘? 7 §, & ERE o ]
5 7.004 AN 5 7.001 N LN
<
2675 o« 0% 2675 4 0%
ke b 5 2’
"§ 6.50 20, E 6.50 Oo
& 625 ¢ & 6254, °
600 [* ] " ; . " ; . " . . 600 T T T T T T T T 1
600 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 600 625 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25
Experimental activity (pICs,) Experimental activity (pICs,)
P1 L hydrogen-bonding interactions. The aryl ring in P1S
X ~ region is reported to exhibit 7—~CH, interaction with
\ P side chain of Glu71 and stabilizes its orientation [24].
R /pos In addition to this we have noticed another interaction
N/ \ with Lys53 where the side chain NH3 demonstrated a
N . . . . . °
N P2 cation—n interaction with the phenyl ring (6-7 A).
U Within the available SAR, compounds 27-30 have
exhibited potent activity, compounds 26, 35, 40—46 and
48, showed considerably good activity, whereas rest of
the molecules, 31-34, 36-39 and 47 have displayed
PIS reduced activity. The inhibitor 27 containing phenyl
ring at P1S position found occupying this pocket and
Scheme 3

near P2S and another blue contour encircling P1S is
also seen.

In CoMSIA, only one big green contour near P2S
and a big yellow contour above P2S are found. Out of
two orange contours, one is found near U and ortho
position of P2 and another one is noticed at L. A
total of three white regions are found and these three
regions are distributed along these lines, one big white
region near P1S and other two on either side of P2
meta position. Only one magenta contour near P2S and
two cyan contours around P1S are stippled. All these
CoMSIA maps have shown in Fig. 5a and b.

Analysis

The presence of green, blue, white and cyan regions
suggests steric, electropositive favorable, less hydro-
phobic (hydrophilic) and hydrogen bond acceptor
unfavorable fields around P1S region. Strong evidence
for this speculation can be gained concomitantly from
docking studies wherein, the orientation of P1S sub-
stituents towards the solvent region support the
hydrophilic environment and presence of Lys53, Arg67
and Glu71 residues that render steric as well as

making lipophilic 7—CH, interaction with Glu71. When
compared to inhibitor 35 (H) and 26 (CHj3), 27 has
shown an augmented activity perhaps due to increased
lipophilic interactions with Glu71 of the kinase. Like-
wise, substituents of meta and para position of phenyl
ring have shown wide-ranging activity because of
varying interactions with the nearby residues. The
presence of NO, at meta position as in 28 has drasti-
cally increased the activity where the NO, group
involved in hydrogen bonding interactions with side
chain NHJ of Lys53 (2.2-2.7 A). The presence of same
NO, group at para position (43) resulted in decreased
activity due to the absence of these hydrogen-bonding
interactions. The same analysis could be extended to
molecules 29 and 30 and also for 40 and 42. In com-
pound 42, the oxygen atom of —-OCHj is involved in
hydrogen bond formation (2.5 A) with NH3 of
Lys53 while such interaction is absent in 40 because the
—-OCHj; group is in para position. To perceive the
contribution of these molecules towards 3D maps,
quiet a few models were developed by excluding the
above-discussed molecules. One CoMSIA model that
was built by ignoring 28, 29, 33 and 44 resulted in
contour plots without the white contour (hydrophilic
favorable) near P1S. Closer look at the binding
orientations of these molecules have revealed that the
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Fig. 3 Docking interactions
of 28 (green) with active site
residues and for the purpose
of comparison the X-ray
structure of BIRB 796 (red) is
also shown. Protein tertiary
structure is displayed in
magenta color helices, yellow
color f-sheets and cyan color
coils. The ball & stick models
represent the important
active site residues whereas
other active site residues are
shown in lines. The non-
bonded interactions are
displayed in dotted lines

Fig. 4 CoMFA steric and
electrostatic contour maps
where green color contour
favors for steric bulk, whereas
yellow color disfavors for
steric. Blue contour indicates
electropositive charge and red
contour electronegative
charge

Fig. 5 (a) CoMSIA steric and hydrophobic fields wherein the
orange color represents for favorable hydrophobic region and
white color represents for unfavorable region. (b) CoMSIA
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hydrogen bond acceptor contour map where magenta color
represents favorable hydrogen bond acceptor and cyan color
represents the unfavorable acceptor region
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meta and para substituents of the phenyl ring are
oriented in a less hydrophobic (hydrophilic) environ-
ment. At the same time, the compounds (31, 36-38)
with polar substituents have exhibited comparatively
lower activities. Thus we can infer from this analysis
that the P1S pocket possesses two different types of
environments, liphophilic and hydrophilic and only
those groups which utilize these two regions effec-
tively add to the activity and results in potent inhibi-
tors. Amongst the dataset, only ring substituted
(at P1S) compounds appear to satisfy this criterion
where the phenyl group comfortably occupied the
pocket and as a result the meta and para groups could
effectively interact with hydrophilic part of Lys53 and
Arg67, respectively. On the other hand, inhibitors with
flexible aliphatic chains probably do not utilize this
pocket very effectively thus leading to decrease in the
potency. The phenyl ring of 48 containing a methyl
substitution at ortho position is oriented differently
from that of 28.

The P2 part of the inhibitor reflects the need of less
bulky flat aromatic ring systems. The active site anal-
ysis of corresponding P2 part has revealed a big
hydrophobic pocket where Phel69 surrounds one side
of the P2. Yellow contour at 5th position of P2 indi-
cates unfavorable steric interactions and the one
compound (32) with 5-bromo substituent has been
found to oriented close to Phel69 and thus leading to
unfavorable steric interactions and poor activity.
Moreover, the docking interactions of this molecule
indicated that the U part was not oriented as found in
other unsubstituted molecules. The change in the ori-
entation of U led to formation of a hydrogen bond
between urea hydrogen and backbone carbonyl group
of Aspl68 leading to an increase in the distance be-
tween Glu71 side chain and urea hydrogen by 3.9 A
and subsequent loss in the usual hydrogen bond be-
tween them. Another sterically unfavorable yellow
contour has been located closer to 3rd position of P2
aromatic ring. Although this P2 part was positioned in
a big hydrophobic pocket, bulky groups in this region
still extend unfavorable steric interaction with the
protein. For instance, a phenyl group substituted
(biphenyl type) at this position as in 34 has led to
disorientation and resulted in exposing this phenyl
group in to a polar region of the protein and also
influencing other binding interactions. To ascertain
these features by knowing the size and shape of the
active site, the protein has been subjected for the site
ID and molcad analysis in Sybyl as displayed in Fig. 6.
The surface analysis of this part reveals that the active
site is became narrow at the corresponding P2 region
and gradually widened into the equivalent P2S region.

Hence, the biphenyl group of 34 is experienced unfa-
vorable interactions in P2 region and turned out as the
least active molecule. However, the crystal structure of
BIRB 796 indicates that the flat ‘naphthyl’ group in P2
region was placed appropriately in this pocket and
exhibited potent activity.

The P1S and P2 show distinct maps with regard to
the substituents, whereas P2S has wide-ranging flexible
substituents with multiple conformational poses.
Accordingly, four types of the CoMFA contour maps,
green, yellow, blue and red have resulted in P2S region
and similarly different types of CoMSIA maps have
resulted. With such type of extensive map information,
it is not undemanding to classify these maps with
respect to groups and so the collective analysis of these
maps has been presented here with. The presence of
steric and electrostatic maps rendered some indications
in support of the presence of residues, Leul67, Lys165,
Alal57, Met109, Thr106 and Val38. The non-polar part
of molecules displays steric interactions with side
chains of these amino acid residues. Groups like, ani-
lides (5, 13 and 17) and carbamates (8 and 9) with
bulky alkyl side chains have demonstrated a better
activity and this may be attributed to the increase of
electronegative potential of the ‘“NHCO-" group. In-
crease in the activity with respect to the alkyl side
chain has been noticed in 4, § and 6 with oxygen linker
and 15, 16, 17 and 13 with CH, linker. Although, the
P2S groups interact effectively with the active site, as
the P2S pocket found comparatively small and less
conformational flexibility, the orientation of long chain
P2S groups (3, 18) shoving U and P1 moieties from
their original place led to the distortion of the groups
resulting in the loss of hydrogen bond interactions.

An orange contour in the CoMSIA model at the
linker region indicates favorable for hydrophobic
interactions. Among the molecules with different
linkers (X = CH,, S, O, NH and extended groups), the
molecules with sulfur exhibited greater potency indi-
cating favorable lipophilic contribution by this linker.
In addition, the sulfur linker is probably facilitating the
influential 7—= interactions between P2 phenyl ring and
aromatic side chain of Phel69. In inhibitor 19 the
phenyl ring of P2 is displaced (5.29 A) away from the
side chain of Phel69 when compared to that seen in
inhibitor 20 (4.85 A) so that the m—7 interaction was
prominent in 20. A few molecules with extended linker
(21 and 22) have illustrated hydrogen bonds with
Met109 and Gly110.

The foremost aspiration of any QSAR and docking
studies is to suggest new strategies toward design
inhibitors with improved activity. In the present data
series none of the inhibitors were able to optimally
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Fig. 6 The molcad surface
that is created by Sybyl is
displayed in yellow (non-
interacting area) and red
(interacting with ligand)
colors. Docking poses of most
active compound, 28 (green)
displayed in the active site.
For the purpose of
comparison X-ray structure of
BIRB 796 (orange) is also
shown

utilize both P1S and P2S. Thus, it occurred to us that
the inhibitors, which are able to access both the
pockets efficiently might result in enhanced activity.
Hence, we propose that new hybrid inhibitors can be
designed which may access both the pockets efficiently.
A cursory look at the crystal structure (1KV2) reveals,
that the inhibitor’s (BIRB 796) pendant tolyl group is
positioned in P1S while the ethoxy morpholine is sit-
uated in the P2S pocket. Hence, the P1S aryl rings have
to be preserved and few modifications can be done in
the P2. For example, the 4th position of P2 can be
substituted with bulky groups that could creep into the
distant lipophilic pocket. Docking studies on the mol-
ecule 20 indicate that the thiopyridine ring was found
to access the corresponding pocket well. The P1S aryl
ring can be consider for further substitution at meta
position with NO, or NH, groups in order that they
may exhibit hydrogen bonds with Lys53. Also, there is
a possibility that the thiopyridine ring may enable nitro
or amino group of P1S to exhibit hydrogen bond
interactions with Lys53.

Methodology
CoMFA and CoMSIA field calculations

In CoMFA, a 3D cubic lattice was defined automati-
cally by extending at least 4 A beyond all the investi-
gated molecules in all the three axes (X, Y, Z
directions) with 2.0 A grid spacing. The steric and
electrostatic interaction fields were calculated using
Lennard-Jones and Columbic potentials, respectively at
each lattice intersection. The interaction energies were
calculated using standard Tripos force field with distant
dependent dielectric constant & = &y R;; with &5 =1.0. An

@ Springer

sp® carbon atom with a radius of 1.52 A bearing +1
charge was employed as a probe atom to calculate the
CoMFA fields. Steric and electrostatic cutoffs were
applied to truncate the contribution up to +30 kcal/mol
and CoMFA standard scaling option was applied.

The CoMSIA analysis introduced by Klebe et al.
calculates five similarity descriptors namely steric,
electrostatic, hydrophobic, hydrogen bond donor and
acceptor [27]. A distant dependent Gaussian type
function was used to calculate similarity indices at all
the grid points. A default attenuation factor («) of 0.3
was employed as a smoothening function. The probe
atom with charge +1, hydrophobicity +1, and hydrogen
bond donor and acceptor property of +1 was used. The
steric indices were related to third power of the radii,
partial atomic charges were used to derive the elec-
trostatic fields. Atom based parameters developed by
Viswanadhan et al. were employed to compute hydro-
phobic descriptors and rule based method was used to
get the hydrogen bond donor and acceptor fields [32].

Partial least square analysis

Partial least square analysis was employed to derive
the correlation between biological activity and de-
scriptors calculated by CoMFA and CoMSIA [33].
Leave one out (LOO) method was initially carried out
to check the predictivity of the model and also to
determine the optimum number of components with
minimum standard error of prediction (SEP). The
optimum number of components obtained from the
LOO method was further applied to derive the final
non-cross validated correlation 7. To get the confi-
dence intervals (mean and standard deviation) and to
assess the robustness of the model, group cross vali-
dation and bootstrapping were performed. The group
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cross validation was conducted for 50 runs in which the
training set molecules were randomly split into groups
and subjected to the correlation. The mean of 50 cross-
validation runs was considered as correlation coeffi-
cient, rZ,. The bootstrapping (%) analysis for 100 runs
was performed with optimum number of components,
which provides an estimate of the variability of the
parameters in a final model [34].

Molecular docking

The binding interactions can be ascertained by docking
the inhibitors in the active site. GOLD 2.2 [35] docking
program was used to calculate the docking modes of
pyrazolyl urea inhibitors into p38 active site. GOLD
employs genetic algorithm in which the information
about the ligand conformation and hydrogen bonding is
encoded in chromosome. GOLD considers complete
ligand flexibility and partial protein flexibility and the
energy functions partly based on conformational and
non-bonded interactions. Several types of scoring func-
tions viz. GoldScore, ChemScore and User-defined
score are available. The ligand and water molecules in
the p38 kinase crystal structure were removed and after
that hydrogens were added. The protein was assigned
with Kollmann partial atomic charges and local mini-
mization of hydrogens was carried to relieve the un-
wanted contacts. Following default genetic algorithm
parameters were used: 100 population size, 1.1 for
selection, S number of islands, 100,000 number of genetic
operations and 2 for the niche size. The active site was
defined with 10 A radius from Aspl68 and GOLD score
was selected to rank order the docked conformations.

FlexX molecular docking program interfaced with
Sybyl 6.9 was employed to find the docking interac-
tions. FlexX is an automated docking program based
on incremental construction [36, 37]. FlexX considers
ligand flexibility by changing the conformations of the
ligand in the active site while making the protein rigid.
Active site was defined around 6.5 A and certain care
was taken to cover the important residues like, Asp168
and Glu71. The default FlexX score was used to rank
order the docked conformations and the best-docked
conformations were then used to analyze the binding
interactions.

The AutoDock program is an automated grid-based
docking procedure of ligands with biomacromolecular
targets that employs Monte Carlo simulated annealing/
Genetic algorithm techniques for conformational
exploration with a rapid energy evaluation using
molecular affinity potentials [38, 39]. The AutoGrid
settings with 60 x 60 x 60 grid size and a grid spacing
of 0375 A were used for preparing the grid. The

Lamarckian genetic algorithm, with 250,000 energy
evaluations and 27,000 generations with step sizes of
0.2 for translation and 5.0 for quaternion and torsion,
respectively, has been employed. The best-docked
conformations in each of the cases were taken for
further analysis.

Conclusions

The two well known 3D-QSAR tools, CoOMFA and
CoMSIA studies were intended to develop statisti-
cally significant prognostic models of pyrazolyl urea
derivatives and to bring out structural requirements
sought for the potent activity. In CoMFA, a model with
atom fit alignment has demonstrated an excellent con-
ventional correlation, and consistent statistical rela-
tionships have been observed as reflected in the group
cross validation and bootstrap correlation coefficient.
Comparatively, a higher steric contribution has been
observed in this model. A CoMSIA model with steric,
hydrophobic and hydrogen bond acceptor descriptor
fields have been derived using the best predictive
CoMFA model. The steric contour maps of both
CoMFA and CoMSIA were found complementing each
other, apart from other informative contour maps.
Docking studies have been employed to explore
binding interactions and conformations, and further to
explain the relative difference in the biological activity
of the inhibitors. All the pyrazolyl urea inhibitors were
found docked in the active site exhibiting much needed
interactions for the activity and the interactions were
consistent with the reported crystal structures. The
important observation is that the hydrophobic proper-
ties of the inhibitor are found to be very important, as is
the effective utilization of both P1S and P2S regions. In
P1S, groups that could explore the lipophilic interac-
tions with Glu71 and hydrogen bond interactions with
nearby amino acid residues demonstrated potent
activity. Similarly, groups that could pierce deep lipo-
philic P2S pocket support for the potent activity.
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