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Abstract—Three-dimensional quantitative structure—activity relationship (3D-QSAR) models were developed for 44 (benzothiazole-
2-yl) acetonitrile derivatives, inhibiting c-Jun N-terminal kinase-3 (JNK3). It includes molecular field analysis (MFA) and receptor
surface analysis (RSA). The QSAR model was developed using 34 compounds and its predictive ability was assessed using a test set
of 10 compounds. The predictive 3D-QSAR models have conventional 1% values of 0.849 and 0.766 for MFA and RSA, respectively;
while the cross-validated coefficient 72, values of 0.616 and 0.605 for MFA and RSA, respectively. The results of the QSAR model
were further compared with a structure-based analysis using docking studies with crystal structure of JNK3. Ligands bind in the
ATP pocket and the hydrogen bond with GLN155 was found to be crucial for selectivity among other kinases. The results of
3D-QSAR and docking studies validate each other and hence, the combination of both methodologies provides a powerful tool

directed to the design of novel and selective JNK3 inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

The c-Jun N-terminal kinases (JNKs), also called stress-
activated protein kinases, are members of the mitogen-
activated protein kinase (MAPK) family together with
p38 mitogen-activated protein kinases (p38 kinases)
and extracellular signal-regulated kinases (ERKs). The
JNK MAPK pathway is predominantly activated by
stress stimuli and plays important roles in development,
apoptosis, cell growth, and immune responses. Three
distinct genes encoding JNKs have been identified
(jnkl1, jnk2, and jnk3), and at least 10 different splicing
isoforms are believed to exist in mammalian cells.!
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JNK1 and JNK2 are widely expressed in a variety of tis-
sues. In contrast, JNK3 is selectively expressed in the
brain and to a lesser extent in the heart and testis.!-?

Experimental instances from knockout studies in mice
show that lack in JNKI1 or JNK2 results in T-helper
(CD4) cell deficiency, while double knockout mice are
embryonic lethal. Fibroblasts viable in vitro, however,
exhibit a remarkable resistance to radiation-induced
apoptosis.> JNK3, on the other hand, when deficient,
increased resistance to kainic acid-induced apoptosis in
the hippocampus. These facts show that JNK activity
is crucial in both the immune response and programmed
cell death.* Therefore, therapeutic inhibition of this
enzyme may elicit improvement in clinical treatment of
a wide range of apoptosis and inflammatory related dis-
eases such as neurogenerative diseases, ischemia reperfu-
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sion injuries, multiple sclerosis, rheumatoid arthritis and
also recent evidence supports its relevance application in
vascular, metabolic, and oncological diseases.>’ Never-
theless, isoform selectivity is critical for the development
of safe compounds.

Three isoforms of JNK share more than 90% sequence
identity and the ATP pocket is 98% similar. It has been
found that the same substrate binds with different affin-
ities, and only small differences in primary sequences are
present in the primary sequences of the putative binding
site. Therefore, designing selective ATP competitive
JNK3 inhibitors is a rather challenging task. Crystal
structures of JNK3 have been previously reported.®
Merck researchers have succeeded in crystallizing
JNK3 with various small JNK inhibitors.” Recently
there were a few reports on development of JNK3 iso-
form ATP competitive inhibitors.!?-12

A recent one demonstrates that compounds exhibiting
benzothiazol-2-ylacetonitrile pyrimidine as their core
inhibit JNK3 kinase activity. The reported experimental
study based on structure—activity relationship (SAR)
studies of a series of potent JNK3 inhibitors leads to
the discovery of selective, potent, and in vivo active
compound 41.13

In the present study, we have gone beyond the men-
tioned studies to include 3D-QSAR analyses on a series
of benzothiazol-2-ylacetonitrile derivatives in order to
provide key structural features required to design highly
selective JNK3 inhibitors. Our study includes molecular
field analysis (MFA)'# combined with receptor surface
analysis (RSA)!>'® 3D-QSAR models for JNK3 inhibi-
tors. Furthermore selected inhibitors were docked in the
binding pocket of JINK3 in order to single out the main
interactions at the atomic and amino acid level between
the inhibitors and receptor.

Hitherto, no other study of this nature can be found in the
literature, and the 3D-QSAR models that we have ob-
tained for the first time through the present investigation
may contribute to a more robust process of design of
JNK3 inhibitors taking into account the several structural
characteristics and features predicted by our model.

Design of highly selective inhibitors for enzymes re-
quires a detailed analysis of the conformational proper-
ties of both the receptor and the inhibitor or ligand
molecule. Combining 3D-QSAR modeling for the Ili-
gand results in highly accurate models for prediction
of the activity of the ligand and its binding characteris-
tics to the receptor. Here, we have collected data on
JNK3 inhibitors and we have carried out the structural
analysis using MFA and RSA methodologies as de-
scribed in the following.

A series of benzothiazol-2ylacetonitrile derivatives
reported to have rat JNK3 (rJNK3) inhibitory activities
was chosen in this study (Table 1).!3 in vitro rJNK3 ki-
nase activities were converted into the corresponding
pICsy values (—logICsg). The pICsy values were set as
the dependent variable in the MFA and RSA. The total

set of JNK3 inhibitors (44 compounds) was divided into
a training set (34 compounds) and a test set (10 com-
pounds) in the approximate ratio of 4:1. In order to
diversify the training set and test set, they were generat-
ed manually so that structurally diverse molecules pos-
sessing activities of wide range were included in both
sets. The mean biological activity (pICsg) of the chosen
training and test set molecules was 6.11 and 6.17,
respectively.

Three-dimensional structure building and molecular
modeling studies were carried out on Cerius2 Version
4.7.'7 All the structures were initially minimized by
OFF methods using the steepest descent algorithm with
a gradient convergence value of 0.001 kcal/mol. Partial
atomic charges were calculated using the Gasteiger
method.'® Further geometry optimization of each mole-
cule was carried out with MOPAC 6 package using the
semi-empirical AM1 Hamiltonian.!® Alignment was car-
ried out using the MCSG method. This method looks at
molecules as points and lines, and uses the techniques of
graph theory to identify patterns. It finds the largest sub-
set of atoms in the shape reference compound that is
shared by all the structures in the study table and uses
this subset for alignment. A rigid fit of atom pairings
was performed to superimpose each structure so that it
overlays the shape reference compound. Alignment of
structures through pairwise superposition placed all
the structures of the study compounds in the same frame
of reference as the reference compounds, which in our
study was the active compound 41. Even though com-
pound 41 used for the alignment is not the most active,
its in vivo efficacy was demonstrated in an experimental
model of rheumatoid arthritis.

Molecular field analysis: MFA studies were performed
using the QSAR module of Cerius2.'*!'7 The molecular
field was created using proton and methyl groups as
probes, which represent electrostatic and steric fields,
respectively. These fields were sampled at each point
of a regularly spaced grid of 1 A. An energy cutoff of
130.0 kcal/mol was set for both steric and the total grid
points generated were 1260. In addition, the number of
spatial and structural descriptors such as dipole mo-
ment, polarizability, radius of gyration, number of
rotatable bonds, molecular volume, principal moment
of intertia, AlogP98, number of hydrogen bond donors
and acceptors, and molar refractivity were also consid-
ered. Only 10% of the total descriptors for which the
variance was the highest were considered for further
analysis. Regression analysis was carried out using the
genetic partial least squares (G/PLS) method consisting
of 50,000 generations with a population size of 100. The
optimum number of components was set to 5. Cross-val-
idation was performed with the leave-one-out proce-
dure. PLS analysis was scaled, with all variables
normalized to a variance of 1.0.

Receptor surface analysis: The same set of aligned mol-
ecules was considered for the generation of a receptor
surface, using the van der Waals field function. The con-
tribution of each molecule for generation of the receptor
surface was set to be proportional to its biological
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Table 1. Structures of JNK3 inhibitors used in this study
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Compound 4-44
Compound R! R? rINK3 ICsy (nM)

1 H Br 350
2 H H 250
3 CF; H 993
4 H H 7500
5 H NH, 500
6 H Me 950
7 Me Me 9400
8 Piperazinyl 6600
9 4-Me-piperazinyl 6800
10 Morpholinyl 2900
11 4-OH-piperidinyl 7200
12 H (CH,),N(Me), 1300
13 H (CH»),NH, 1490
14 H (CH,),0OMe 820
15 H (CH,),OH 510
16 H (CH,),N-piperidinyl 3740
17 H (CH,),N-morpholinyl 760
18 H (CH,);N(Me), 1644
19 H (CH»);NH, 707
20 H (CH,);0OH 660
21 H (CH,);N-morpholinyl 407
22 H (CH,);N-(4-Me-piperazinyl) 473
23 H (CH,);N-pyrolidinyl-2-one 1340
24 Me (CH,);NHMe 1324
25 H CH,Ph 6500
26 H CH,-pyridin-2-yl 650
27 H CH,-pyridin-3yl 337
28 H CH,-pyridin-4yl 340
29 H (CH,),-Ph-2-F 273
30 H (CH,),-Ph-3-F 1810
31 H (CH,),-Ph-4-OH 3500
32 H (CH,),-Ph-4-OMe 3080
33 H (CH,),-Ph-4-NH, 80
34 H (CH,),-Ph-4-SO,NH, 41
35 H (CH,),-Ph-4-NO, 600
36 H (CH,),-indolyl 458
37 H (CH,),-imidazol-4-yl 80
38 H (CH,),-imidazol-4N-Me 65
39 H (CH,),-imidazol-2N-Me 143
40 H (CH,),-pyridin-2-yl 250
41 H (CH,),-pyridin-3-yl 120
42 H (CH,),-N-1,2,4-triazolyl 397
43 H (CH,);-N-imidazolyl 147
44 H (CH,);-N-pyrazolyl 583

activity. The most active compounds 33, 34, 37, 38, and
41 were used to develop the Receptor Surface Model
(RSM). Various chemical properties namely charge,
electrostatic potential, hydrogen bonding propensity,
and hydrophobicity associated with each surface point
were calculated. The interaction energy and strain ener-

gy between the molecule and receptor were evaluated
and added to the study table. Moreover, the interaction
energies of each molecule with methyl (steric) and pro-
ton positioned along the grid points throughout the
receptor surface were also added to the study table. Only
10% of the total descriptors for which the variance was
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the highest were considered independent data to per-
form further analysis. Regression analysis was carried
out using the G/PLS method as described earlier.

Docking studies for selected compounds were carried
out using LigandFit?*?> module of Cerius2. The crys-
tal structure of JNK3 (PDB ID: 1PMV)’ was used for
docking studies. The active site was defined as a
sphere of radius 6.5 A surrounding the bound ligand
(SP600125). Energetically the most favorable confor-
mation of the docked structure was selected on the
basis of the LigandFit score and visual inspection.
Initially hydrogen atoms were added to the protein,
considering all the residues at their neutral form.
Minimizations were carried out using the AMBER
force field in Maestro.”*> Minimized structures of
docked ligands were submitted for molecular dynamics
studies. MD studies were carried out to observe any
particular movement of amino acids in the binding
site and to get stable ligand-receptor complex. MD
studies were carried out using New-Ryudo program
developed in our laboratory for 200 ps with step size
of 1.0 fs.

Molecular field analysis and RSA 3D-QSAR models
were derived using series of benzothiazol-2-yl-acetoni-
trile derivatives possessing JNK3 inhibitory activi-
ties.!> The training set consisted of 34 compounds
while the model was validated using an external set
of 10 compounds. The statistical details of the 3D
QSAR models are shown in Table 2. Tables 3 and 4
show the actual and predicted activities obtained from
MFA and RSA 3D-QSAR models for the training
and the test set molecules. Figure 1 shows the graph
of actual versus predicted pICs, values of the training
set and the test set molecules for MFA and RSA 3D-
QSAR models.

The cross-validated 12, for MFA model was 0.616, while
the non-cross-validated r* with five components was
0.849. The boot strapping 7, value was 0.818. The actu-
al and predicted pICso values of the training set are
shown in Table 3. The CHj; probe represents steric
and H" represents electrostatic descriptors in the QSAR
equation of MFA (1). It specifies the regions where vari-
ations in the structural features (steric or electrostatic)

Table 2. Statistical details for MFA and RSA 3D-QSAR models

MFA RSA
20 0.616 0.605
r° 0.849 0.766
N¢ 5 5

rd 0.818 0.681
LSE® 0.067 0.085
Pt 0.721 0.535

2 Cross-validated 1.

® Conventional 2.
“Number of components.
4 Bootstrap 1.

¢ Least square error.

MPredictive .

Table 3. Actual and predicted activities of the training set molecules
by the MFA and RSA models

Compound Actual pICs Predicted pICsg

MFA Residual RSA Residual

1 6.46 6.35 0.11 6.40 0.06
2 6.60 6.71 —0.11 6.62 —0.02
4 5.12 5.51 —-0.39 584 —0.72
5 6.30 5.76 0.55 6.11 0.19
6 6.02 6.12  —0.10 6.03 0.00
8 5.18 533  -0.15 537 —0.19
9 5.17 5.13 0.04 4.99 0.18
10 5.54 5.51 0.03 5.39 0.15
11 5.14 5.09 0.05 4.91 0.23
12 5.89 590 —0.01 6.16 —0.27
14 6.09 6.07 0.01 6.37 —0.28
15 6.31 6.44 —0.13 5.75 0.56
16 5.43 5.28 0.15 571  —0.28
17 6.12 5.94 0.18 5.80 0.33
19 6.15 6.30 —0.14 6.01 0.14
20 6.18 6.09 0.09 6.42 —0.24
21 6.39 6.31 0.08 6.04 0.35
22 6.33 6.26 0.07 6.34  —0.01
23 5.87 6.15  —0.27 594  —0.07
24 5.88 589  —0.01 6.17 —0.29
25 5.19 5.16 0.03 5.54  —0.35
27 6.47 6.54  —-0.07 6.14 0.33
29 6.56 6.06 0.51 6.25 0.31
30 5.74 6.02  —0.28 6.01 —0.27
31 5.46 597  —0.51 6.05 —0.60
32 5.51 592 —-041 5.69 —0.18
33 7.10 6.69 0.40 6.66 0.44
35 6.22 6.03 0.19 6.34  —0.12
37 7.10 7.31 —0.21 729  —0.20
38 7.19 6.93 0.26 7.18 0.00
39 6.84 6.58 0.26 6.64 0.20
40 6.60 6.45 0.15 6.15 0.45
41 6.92 7.02  —0.10 6.78 0.14
43 6.83 695 —0.12 6.79 0.04

Table 4. Actual and predicted activities of test set molecules by MFA
and RSA models

Compound Actual pICsg Predicted pICsg

MFA Residual RSA Residual

3 6 5.74 0.26 6.35 —035

7 5.03 5.09 —0.06 519 -0.16
13 5.83 6.21 —0.38 587 —0.04
18 5.78 582 —0.04 6.23  —-045
26 6.19 6.3 —0.11 6.45 —0.26
28 6.47 6.39 0.08 6.44 0.03
34 7.39 7.09 0.3 5.63 1.76
36 6.34 5.87 0.47 6.65 —0.31
42 6.4 6.9 —0.5 6.83 —043
44 6.23 591 0.32 6.51 —0.28

of the different compounds in the training set lead to in-
creased or decreased activities. The electrostatic descrip-
tor H" with positive coefficient indicates a region
favorable for electropositive group, while negative coef-
ficient indicates electronegative (electron-withdrawing)
group required at the position. The MFA model for
the activity in terms of the most relevant descriptors is
expressed as:
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Figure 1. Graphs of actual versus predicted pICs, for both training and test set molecules for (a) MFA and (b) RSM 3D-QSAR models (Outlier

labeled).

Activity = 5.588 + 0.0338 x (CH3/208) — 0.0356
x (H/147) +0.0584 x (H*/146)
—0.0143 x (CH3/404) — 0.0237

x (CH3/494) — 0.0122 x (H"/209). (1)
Presence of two steric descriptors near to N-ethyl-3-pyr-
idine group (CH3/404) and (CH3/494) indicates that
groups with bigger steric group at these position lead
to drop in activity. This can be observed in compounds
18, 21, 24, and 44. Less activity in compounds 4-11 is
due to the fact that these molecules are too small and
do not completely fit in the binding criteria for steric
interactions. As shown in Figure 2, the presence of elec-
trostatic descriptors (H'/147) and (H'/146) near to
pyrimidine N indicates the importance of the electrostatic

environment at these positions. H'/147 with negative
coefficient and H*/146 with positive coefficient indicate
that subtle balance of electrostatic parameter is required
at these positions. The electron-withdrawing group is
necessary at this position. Replacement of pyrimidine
N with C atom also leads to drop in activity as found
experimentally.!® The steric descriptor (CH3/208) with
positive coefficient indicates that the steric group is
favorable at this position. While electrostatic descriptor
with negative coefficient (H"/209) indicates that an elec-
tron-withdrawing group is required at these positions.
Hence, cyanide group can be replaced with a bulkier
electron-withdrawing group. When the cyanide group
is replaced with ethyl ester a drastic drop in activity is
found,!® these observations indicate that the balance
of steric as well as electron-withdrawing groups is cru-
cial for the activity of the compounds.

Figure 2. Compound 41 within the grid with 3D points of the QSAR equation. H" represents electrostatic interaction, while CH; represents steric

interaction.
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A high 2, alone, however, is not a sufficient criterion for
a QSAR model to be robust and highly predictive.?* The
predictive power of the model was therefore validated
with the test set molecules. The predictive power of
the model generated was calculated by Eq. 2:

(SD — PRESS)
Fored = ——sp (2)

where SD is the sum of the squared deviations between
the biological activities of each molecule and the mean
activity of the training set of molecules and PRESS is
the sum of squared deviations between the predicted
and actual activity values for every molecule in the test
set. The prediction of the model was reasonably good
with a predictive (rfmd) value of 0.721.

A receptor surface model with 72, value of 0.605 and r%
value of 0.681 was developed. The conventional r* was
found to be 0.766. The QSAR equation generated by
RSM is given in Eq. 3

Activity = 6.77147 — 1.48075 x (ELE/2640)
— 1.04146 x (ELE/1584) — 0.333204
x (VDW/734) + 2.00925 x (ELE/397)
—0.267425 x (VDW/2518) — 1.24533
x (ELE/1287) — 0.59127
x (ELE/1168) — 0.7671
x (ELE/2849). (3)

The equation consists of eight molecular field descrip-
tors and their positioning is indicated by the number
along with the descriptor. Electrostatic descriptor
(ELE/1584) near the benzothiazole -NH group indicates
that an electron-donating group is essential at these
positions. The electrostatic descriptor (ELE/397) that
shows the electrostatic characteristics of the region close
to N of pyrimidine ring indicates that an electron-with-
drawing group is required for activity at this position.
When pyrimidine N is replaced with a carbon atom,
the result is an inactive pyridine derivative as found in
experimental studies. The electrostatic descriptor
(ELE/1168) near to pyrimidine amino N indicates that
electron-donating group (N-H) is required at this posi-
tion. In compounds 7-11, the pyrimidine ring is at-
tached to cyclic amine, while in compound 24 —NH
group is replaced with -NMe group, which is responsi-
ble for the decrease in activity. This observation indi-
cates that —NH group is very crucial for JNK3
activity. Similarly the steric descriptor (VDW/2518) with
negative coefficient near to the pyrimidino amino —-NH
group evidences that when NH is replaced with any
other steric group it will decrease the activity (com-
pounds 7-11 and 24). The electrostatic descriptors
(ELE/2640) and (ELE/2849) were found near the tail
part of the pyridine ring in compound 41. Drastic drop
in activity for compound 25 is due to the hydrophobic —
CH2Ph group that appears at these positions where an
electrostatic group is required. In compounds 20, 21,
33, and 34, electron-donating groups or polar groups
are in close vicinity to (ELE/2849) and (ELE/2640)

and hence they are moderately active. Similarly com-
pounds 35 and 41 that bear electron-withdrawing
groups are also active. These results indicate that elec-
tron-donating as well as preferably electron-withdraw-
ing groups in the tail part are essential for activity.

When the charge is mapped on the receptor surface
model, it shows a positive contour (blue color) near
the S group of the benzothiazole ring (Fig. 3). This indi-
cates that a hydrophobic group is essential at this posi-
tion and S fulfills this criterion. This observation is
consistent with SAR studies where S replaced with a
~NH group made the compound inactive.!? Similarly a
negative charge is shown near the tail of the pyridine
ring and 1,3 pyrimidine ring on compound 41. This indi-
cates that an electron-withdrawing group is essential at
this position. A red color contour is observed near to
pyrimidine ring N and NH group that is attached to
pyrimidine indicating the importance of electronegative
environment at these positions. Weak intramolecular
hydrogen bonding was seen between the N of pyrimi-
dine ring, which acts as an acceptor and the —-NH of
the benzothiazole ring, which acts as a donor. Hydrogen
bonding properties were mapped on the receptor surface
as shown in Figure 4. Hydrogen bond donor capability
is shown in purple, while cyan color shows hydrogen
bond acceptor properties. The cyan color was seen in
close proximity of the cyanide (—CN) group, pyrimidine
N, and also near to tail pyridine N indicating that
hydrogen bond acceptor groups are quite essential at
these positions. Benzothiazole -NH and amino group
attached to pyrimidine (—HN) is surrounded by cyan
color, indicating that electron donor groups are crucial
at these positions. The reduced activity of compounds
7-11 is due to the fact that there is no hydrogen bond

Figure 3. Model of the receptor surface on which charges are mapped.
Positive regions are shown in blue and negative regions are shown in
red. Compound 41 is placed within the generated receptor surface.
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Figure 4. Receptor surface model with hydrogen bonding propensity
mapped on it. Hydrogen bond donor regions are shown in purple,
while hydrogen bond acceptor regions are shown in cyan color.
Compound 41 is placed within the generated receptor surface.

donor since the N belonging to a cyclic amino group was
used while in compound 24, -NH group is replaced with
—NMe group. As shown in Figure 5, brown color indi-
cates the hydrophobic area, while white color indicates
hydrophilic area. The hydrophilic region near to benzo-
thiazole —-NH, pyrimidine N, and pyrimidine NH indi-
cates the importance of these groups at these positions.

Figure 5. Receptor surface model with hydrophobic regions mapped
on it. Hydrophobic regions are shown in brown and hydrophilic
regions are shown in white. Compound 41 is placed within the
generated receptor surface.

Compound 34 was found to be an outlier in the RSM.
Its activity is underpredicted. This might be due to the
presence of —-SO,NH, group on the 4th position of the
tail part of the phenyl ring. As there were no other com-
pounds with such groups at the 4th position in the traln-
1ng set, the prediction might be wrong. The predictive >
2 .4) value was found to be 0.535 without compound
éf Hence, the predictive ability of RSM model is also
high except for compound 34.

rz, for MFA is 0.616 and RSM is 0.605. r7 , values for
both models are listed in Table 2. Statistical analysis for
both MFA and RSA 3D-QSAR models indicates that
MFA is somewhat better than RSA. In both models,
the predictive values fall close to the actual pICs, values,
not deviating more than 1 logarithmic unit (Fig. 1,
Tables 3 and 4), except for one of the test set molecules
(compound 34) in RSM. Compound 34 is outlier in case
of RSM, whereas in MFA, the residual value is 0.3. 77
value for MFA is 0.721, whlle for RSM it is 0.521. Over-
all both models have good predictive ability while MFA
predicted well as compared to RSM.

The structure of the docked compound 41 is shown in
Figure 6. Ligand binds in an ATP-binding pocket and
hence they can be deemed ATP competitors. Benzo-
thiazole ring binds in a pocket formed by residues
Gly71, Ser72, Ser193, Val78, Leu206, Vall96, Leul4s,
and Metl149. The docked conformation of compound
41 also shows weak intramolecular hydrogen bond
between benzothiazole -NH group and pyrimidine N
atom. Acetonitrile group binds in a pocket formed by
residues Leu206, Lys93, and GIn75. N in pyrimidine
ring forms a hydrogen bond NH group of the backbone
of Metl49 (N---H-N, 2.26 A) Similarly Met149 back-
bone carbonyl group forms a hydrogen bond with the
amino group attached to the pyrimidine ring
(NH---0=C, 2.03 A) Hence it mimics the bidentate
interaction in ATP molecule and it has been shown in
kinases in general to be essential for inhibitor bind-
ing.?>2% The linker N-ethyl chain in compound 41 binds
with residues: 11e70, Asn152, and Gly71. The tail part of
the ligand is the pyridine ring in case of compound 41. N
of pyridine ring forms hydrogen bond with the sidechain
of GIn155 (N---HN, 2.26 A). GInl155 is not conserved in
other map kinases and hence it may be at the core of the
selectivity for JNKs, which may depend on these types
of non-conserved amino acids. Amino acids present in
binding site like Lys68, Metl146, Asnl52, GInl55, and
Vall96 are non-conserved in p38 and ERK2 kinase,
while they are conserved in JNKI1, JNK2, and JNK3.
Hence selectivity can be achieved against p38 and
ERK?2 kinase by considering interactions with non-con-
served amino acids. This indicates that most of the ac-
tive compounds under study are selective against other
map kinases such as p38, ERK2, and cAMP kinases.
Isoform selectivity in JNKs is one of the major challeng-
es in designing selective JNK3 inhibitors. Alignment of
JNK3 sequence with JNK1 and JNK2 sequence indi-
cates that residues that come in putative substrate bind-
ing domain (I1e246-Tyr268) display the greatest diversity
among JNKs isoform. So designing of bidentate inhibi-
tors that extend from the ATP-binding pocket toward
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Figure 6. Docked conformation of compound 41 (gray) in the binding
site of JNK3. All the hydrogen atoms of the protein are removed for
clarity. Hydrogen bonds are shown with dotted red lines.

substrate binding pocket may enable us to design selec-
tive JNK3 inhibitors. Hence isoform selectivity can be
addressed by considering these issues.’

Figure 7 shows the superposition of the least active
compounds 7 and 9. The least active compound 7
binds differently as compared to compound 41. It is
almost flipped in the active site (Fig. 7). As this li-
gand is small in size, there may be many possibilities
it can bind in the active site. Compound 9 binds in a
similar manner as compound 41 but the hydrogen
bond with Metl49 is missing since the pyrimidino
amino group (-NH) is replaced with pyrimidine cyclic
amino group. The hydrogen bond with Metl49 is
missing together with pyrimidine amino group (NH)
in compound 9. It seems that this pyrimidine —NH
group 1is essential for hydrogen bonding with
Metl49 and hence it explains the reduced activity
for compounds 7-11 and 24. The most active com-
pound 34 forms hydrogen bond with Metl49 and
GInl155. Our studies indicate that a group such as
carboxylic acid at the tail part of the ligand may also
improve the activity of the compound due to favor-
able hydrogen bonding interaction with GInl55 and
Asnl52 in the binding site.

Vall926

Figure 7. Superposition of the docked conformations of compound 7
(pink) and compound 9 (orange) in the binding site of JNK3. Note
that compound 7 is flipped in the binding site, while in compound 9
hydrogen bonds with Met149 are missing.

Comparison between docking and receptor surface analy-
sis: As shown in Figure 4, the cyan color near to the
pyrimidine N indicates hydrogen bond acceptor propen-
sity. Similarly in the docked structure, it has been found
that the same pyrimidine N atom forms hydrogen bond
with Met149 and hence it act, as hydrogen bond accep-
tor. Similarly the purple color near to the pyrimidino
amino group (—NH) indicates that hydrogen bond do-
nor group is essential at this position, while in the
docked structure also a hydrogen bond was found with
the backbone of Met149. Both studies indicate that pyr-
imidino amino (-NH) group is very important for JNK3
activity. And hence it correlates well with RSM model.
Similarly, a hydrogen bond was found in between NH
group of benzothiazole and pyrimidine N as also shown
with RSM model for hydrogen bond propensity (Fig. 4).
Tail pyridine ring is surrounded by cyan color indicating
hydrogen bond acceptor moiety is required at this par-
ticular position. It also correlates well with docking re-
sults as pyridine N forms hydrogen bond with GInl155
as shown in Figure 7. The least active compound 7 lacks
hydrogen bonding with Metl49, which is crucial for
inhibitory activity. Similarly this also explains the rea-
son for less activity of compounds 7-11 and 24. Overall
docking and 3D-QSAR reveals that two-carbon chain
away from amino pyrimidine group is required for selec-
tivity and both acceptor as well as donor group may im-
prove the selectivity since it increases the chances of
interaction with GInl55.

In conclusion, 3D-QSAR studies were carried out by
building MFA and RSA models. MFA model has better
predictive capability than RSA model. Both models
yield significant information to build a strategy to
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improve the activity of the compounds. The MFA mod-
el predicts the importance of proper steric and electro-
static fragments, which are necessary for higher
activity. In general pyrimidine ring bearing amino (-
NH) group and the linker chain attached to the aromat-
ic hydrogen bond acceptor group are crucial for JNK3
activity. Docking studies revealed that these ligands
bind in an ATP-binding pocket. RSA model compared
well with docking studies. Hydrogen bonding interac-
tion of the amino pyrimidine ring is crucial for kinase
inhibition while selectivity against p38, ERK2, and
cAMP can be improved by choosing right structural
fragments that can form hydrogen bonds with GInl155.
To our knowledge, this is the first study aimed at deriv-
ing predictive 3D-QSAR models for INK3 inhibitors. In
addition, the docking studies provided good insights
into inhibitor-JNK3 interactions at the molecular level.
This information will be very useful in designing novel
JNKs inhibitors with broad spectrum of activity against
rheumatoid arthritis.
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