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This study presents alternatives to a previously  
described binding model for a novel class of nitrothia-
zole inhibitors of c-Jun-N-terminal kinase (JNK). In 
these models, the conformational flexibility of the pro-
tein structure has been incorporated to accommodate 
the ligand in the allosteric site while it forms physi-
cally strong hydrogen bonding and hydrophobic  
enclosure interactions with the amino acid residues of 
the binding site. Moreover, unlike in the previously 
reported model, these interactions take place without 
any physically meaningless stereochemical short con-
tacts. The present models could potentially serve as a 
new basis for the design of potent and selective JNK 
ligands. 
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C-JUN-N-TERMINAL KINASE (JNK) is a stress-activated 
serine–threonine protein kinase (belonging to the MAP 
kinase family) that can be expressed in 10 different iso-
forms by alternative splicing of three related genes1–3, 
JNK1, JNK2 and JNK3. Activation of JNK by extracellu-
lar stimuli such as stress or cytokines leads to the phos-
phorylation of several transcription factors, and cellular 
substrates implicated in cell survival and proliferation, 
insulin receptor signalling and mRNA stabilization.  
Because these pathways are implicated in a variety of dis-
ease states such as diabetes, cancer, atherosclerosis, 
stroke, Alzheimer’s and Parkinson’s diseases, JNK con-
stitutes valuable targets for discovery and development of 
novel therapeutic targets against these diseases1,3. JNK-
interacting protein1 (JIP1), specifically its D domain,  
enhances JNK signalling by creating proximity effect  
between the JNK and upstream kinases. An oligopeptide 
corresponding to an 11 amino acid stretch (153–163) of 
the D domain (pepJIP1) is known to inhibit JNK activity 
in vitro by competing with the D domain or upstream 
kinases4,5. A proof of concept on the role of JNK kinase 
in type-II diabetes was partially established through in 
vivo studies6–8. Recently, small-molecule JIP1 mimics 
which serve as substrate-competitive inhibitors have been 
reported6. One such compound, BI78D3 (Figure 1), inhib-

its the phosphorylation of JNK substrates both in vitro 
and in vivo in a dose-dependent manner9.  
 A three-dimensional structure of JNK1 kinase solved 
by X-ray crystallography and available in the Protein 
Data Bank (PDB)10 is characterized by the binding of two 
ligands [PDB ID: 1UKI]. One of them is found in the 
ATP-binding (hinge) region, while the other, the oligo-
peptide pepJIP1, is found at an allosteric site that is well 
separated from the ATP-binding site. The oligopeptide 
binds to the kinase with a network of between 2 and 6 
hydrogen bonds, in addition to more nonspecific hydro-
phobic interactions. The ATP site ligands are stabilized 
by hydrogen bonding to the hinge region as in many other 
kinase structures.  
 Recently, Stebbins et al.9 have modelled a putative 
binding mode for the non-peptidic inhibitor BI78D3 in 
the pepJIP1 binding pocket of 1UKI. They developed this 
binding model to be ‘consistent’ with the projected role 
of Arg127 in the said binding pocket, in light of a two-
fold reduction in the Kd value of binding of this ligand to 
a R127A mutant. However, this model is characterized by  
 
 

 
 
Figure 1. LigPrep-treated forms of BI78D3 used in docking studies. 
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a number of limitations. First, it was developed by a 
docking algorithm (GOLD 2.1) that does not take into  
account the possible movement of the Arg127 side chain, 
which is very likely to happen in light of two factors – (a) 
its location on the surface of JNK1, and (b) the large 
thermal factors associated with the atoms of its side chain 
in the X-ray crystal structure of 1UKI. A second limita-
tion of the model is the geometry of the described hydro-
gen-bonding interactions between the guanidine group in 
the side chain of the Arg127 residue on one hand and the 
triazole and the nitro group of BI78D3 on the other. Spe-
cifically, the model in Stebbins et al.9 shows one of the 
guanidine NH moieties to be perpendicular to the triazole 
ring. In such a geometric disposition, not only short con-
tacts are observed, but hydrogen bonds are impossible as 
they require considerably greater planarity between the 
acceptor and donor moieties. In summary, these geome-
tries are clearly outside the range of energetically favour-
able geometries that characterize strong hydrogen-
bonding interactions. Consequently, far from representing 
favourable interactions with Arg127, the triazole and the 
nitro groups of the ligand are in severe short contact with 
the guanidine group of the former. Thirdly, Stebbins et 
al.9 have employed GOLD 2.1 for docking calculations11 
and hence it is not surprising that in light of the soft  
potentials used to represent steric interactions in this  
approach, such short contacts, which are energetically 
highly unfavourable, are permitted in the protein–ligand 
complex. Furthermore, the authors have shown no com-
pelling evidence to establish the binding of this ligand in 
a pocket different from the traditional ATP-binding pocket.  
 In light of these observations, we have revisited the 
binding mode of BI78D3 in the pepJIP1 binding pocket 
employing protein flexibility, which may be critical in 
accounting for the observations on relative binding affini-
ties of the mutant of Arg127 with either the ligand or the 
11-mer oligopeptide. Specifically, we have used a pre-
viously reported induced fit docking (IFD) protocol12 to 
generate binding pockets in the vicinity of the peptide 
binding site, without causing dramatic changes in the over-
all three-dimensional topology of the protein in the pre-
sumed allosteric site. Our studies characterize the 
interactions of BI78D3 with the binding pocket without 
any steric clashes and demonstrate a stronger binding of 
this ligand to the pepJIP1 pocket than to the traditional 
ATP binding pocket. 

Methods and materials 

The preliminary two-dimensional structure of BI78D3 
(Figure 1) was built using ISISDraw and exported as a 
‘MOL’ file. This was input into the MAESTRO (version 
8.5) GUI of the Schrödinger software suite (2008) and 
subjected to ligand preparation using the module Lig-
Prep13. The X-ray crystal structure of 1UK1 was prepared 

using the protein preparation wizard in MAESTRO13 with 
essentially default parameters. Herein, all the crystal 
structure waters were deleted and hydrogens were added 
to the heavy atoms of the raw PDB structure. Protein  
assignment was carried out to optimize the tautomeric 
and orientation states of histidine imidazole rings, as well 
as the orientation of side chain amides in Asn and Gln 
residues. In addition, all the hydroxyl hydrogens were 
oriented to optimize their interactions with neighbouring 
groups of potentially interacting atoms. The prepared pro-
tein that was little modified relative to the input X-ray 
structure was subjected to SITEMAP site identification 
calculation14 (see http://www.schrodinger.com for more 
details) for the determination of the putative allosteric 
site where BI78D3 would bind to the protein structure. In 
this methodology, probes representing hydrogen bonding 
and hydrophobic interactions are placed at points on a 
three-dimensional grid around the protein and the poten-
tials for interactions with protein atoms are computed  
using a force-field approach14. Interestingly, no site was 
identified in the vicinity of Arg127 and Cys163 residues 
(argued to be most critical to the binding of ligands to the 
JIP1 site in Tanti and Jager6), clearly demonstrating that a 
nontrivial conformational change was essential for the 
creation of a putative binding site in the vicinity of these 
residues. We have achieved the creation of such binding 
sites using the IFD protocol previously described in the 
literature12,15. Toward this end, we have initially gene-
rated loop-remodelled structures in which the loop of 
residues connecting Val159 to Lys166 was refined using 
the PRIME module within the Schrodinger suite13,16. In 
this refinement procedure, the side chains of the residues 
which lay within 7.5 Å of the eight-residue loop were 
also energy-minimized, while the corresponding back-
bones were held in their X-ray coordinates17. Thus,  
potentially the Arg127 and Cys163 side chains could  
undergo conformational changes to adjust to the varia-
tions in the eight-residue loop conformations.  
 The energetically lowest five-loop structures modelled 
were retained for IFD using the guidelines of the approach 
described in the literature12,15. Specifically, we have 
modified a few of the default parameters as described  
below. Six of the active-site residues were mutated to 
alanine in the initial docking stage of the IFD proto-
col12,15. These were Met121, Leu123, Arg127, Cys163, 
Leu131 and Val159. The van der Waals scalings for the 
ligand and protein atoms in the initial docking stage were 
set at 0.4 instead of the default values of 0.7 and 0.5 res-
pectively, employed when amino acid residues are mutated 
to alanine in the initial docking. In the PRIME refinement 
stage, a shell of residues within 8 Å of all the poses ob-
tained in initial docking was included. This limit is higher 
than the normally employed value of 5 Å (refs 12, 15). 
The deviation from the default setting was intentionally 
chosen as to minimize the bias that could potentially be 
set due to the choice of more restricted parameters. In the 
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re-docking stage, the energy cut-off used was 50 kcal/mol 
instead of the default value12,15 of 30 kcal/mol. 
 The induced fit models with bound ligands in the allo-
steric site were subjected to energy refinement in 
PRIME17. This was done to ensure that the ligand pose 
had maximum possible favourable interactions with the 
protein molecule. Following this set of optimizations, for 
each complex, Glide energy grids were computed using 
default options18,19. The corresponding ligand pose was 
then evaluated for XP scores in places without any dock-
ing. The descriptors contributing to the XP score were 
also computed as were the interactions of the pose with 
residues within 12 Å of the ligand poses.  
 In addition to the IFD at the allosteric site using the 
Glide/PRIME/Glide protocol, the LigPrep prepared iso-
forms of the ligand BI78D3 (Figure 1) were also docked 
at the traditional ATP-binding site of the enzyme and the 
JIP-binding site of the prepared protein in 1UKI, as  
described above. These calculations, which retained the 
protein in its rigid X-ray conformation, were done using 
extra precision (XP) Glide18,19. Energy grids were gener-
ated for the prepared protein using the centroid of the  
X-ray-bound ligand as the reference for the binding site. 
Up to 10 best poses were asked to be returned by Glide. 
The descriptors contributing to the GlideScore were also 
calculated, as were the residue-based interactions for resi-
dues within 12 Å of the ligand poses. 

Results and discussions 

Ligand preparation of BI78D3 yielded three isoforms, as 
shown in Figure 1. All the three molecules were used in 
the Glide docking studies described above. It was found 
that the isoform represented in Figure 1 a turned out to 
have much better binding to the protein-active site com-
pared to the other two (Figure 1 b and c). In this light, 
unless stated otherwise, further discussions will be con-
fined to the isoform described in Figure 1 a. Figure 2 
shows the overall three-dimensional topology of the JNK 
kinase structure used in these studies. The ATP-binding 
active site is highlighted by the presence of the ligand (in 
CPK representation) as well as a molecular surface cover-
ing the active site residues and coloured by lipophilic  
potential of the atoms of the active site. In addition to the 
ATP site, the allosteric site where IFD has been carried 
out is also highlighted. The context to the active site is 
further strengthened by the indication of the glycine-rich 
loop characteristic of kinase structures.  
 Using Glide XP docking, we generated three poses in 
the ATP-binding site with GlideScore values of –6.14,  
–6.1 and –4.6 kcal/mol. Interestingly, the top-ranked pose 
has only one hydrogen bond to the hinge region, but  
appears to be stabilized by ionic interactions between the 
nitro group of the ligand and the cationic NH+

3 in Lys55 
side chain (Figure 3 a). By contrast, the remaining two 

poses have the nitro group flipped away from Lys55 and 
the ligand in each case forms two hydrogen-bonding  
interactions with the hinge backbone NH (Met111) and 
C=O (Leu110) moieties. The nitro group forms hydrogen 
bonds with the backbone NH of Asn114 (Figure 3 b). In 
spite of these interactions, the GlideScore values are not 
lower than –6.2 kcal/mol, as would be expected of com-
pounds that bind to the hinge region in kinases. All the 
three poses are characterized by poor hydrophobic enclo-
sure from neighbouring residues such as Leu168, Val158, 
Val40, Ile32 and Leu110 with energies higher than 
0.12 kcal/mol. 
 All the poses of BI78D3 in the energy grids associated 
with the JIP-binding site (adjacent to the allosteric site) 
had GlideScore values greater than –2.0 kcal/mol. They 
are characterized by a lack of hydrogen bonding and hy-
drophobic interactions. This is not entirely unexpected, 
since the peptide is docked on the surface of the protein 
where the small molecule cannot form specific interactions. 
Since, unlike GOLD, soft potentials are not allowed in 
XP Glide docking, the physically untenable poses repor-
ted in Stebbins et al.9 are not seen in this study. Thus, the 
poses obtained were indicative of weak binding to the JIP 
site when protein flexibility was not considered. This is a 
significant observation that warrants the need to consider 
protein flexibility, however subtle, in the allosteric site. 
 
 

 
 
Figure 2. Computer graphic illustration of the overall three-
dimensional topology of JNK as present in the X-ray complex 1UKI. 
The primary binding domain around the hinge region, the glycine-rich 
loop and the auxiliary allosteric binding site are highlighted for refer-
ence. In later illustrations, the binding sites are expanded to show pro-
tein–ligand interactions.  
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Figure 3. XP docked poses of BI78D3 in the ATP-binding site adja-
cent to the hinge region. Top-ranked pose is shown in (a), while the 
second-ranked pose is shown in (b). 
 
 
 The models of the JNK protein induced to fit BI78D3 
in the allosteric site (in the vicinity of Arg127 and 
Cys163) have 3D topology similar to that of the original 
X-ray structure. Figure 4 a graphically illustrates the 
overlap of the protein structure in the X-ray complex 
(shown in cyan) with the top-ranked induced fit model of 
the protein. Figure 4 b and c shows the Ramachandran 
(φ, ψ) plots for the protein structure in the X-ray complex 
1UKI and the IFD model induced to fit BI78D3. These 
plots clearly demonstrate that while the X-ray structure 
has four amino acid residues (Ala173, Arg150, Arg189 
and Gln62, all far away from the active site) in the ener-
getically unfavourable zones, the IFD structure has only 
one such residue (Lys288) also far away from the ATP-
binding site and the allosteric site where the ligand 
BI78D3 binds. Thus, all but one amino acid residues are 

found in the energetically allowed regions of the Rama-
chandran plot. Clearly, the allosteric site region has all its 
backbone torsion angles in the allowed region of the 
(φ, ψ) plot for the induced fit model.  
 The root mean square deviation (RMSD) of the back-
bone and side chain heavy atoms between the X-ray 
structure and the induced fit model is around 2.7 Å. As 
clearly evident from this overlap (Figure 4 a), conforma-
tional changes are prominently seen in many segments of 
the protein structure. The backbone of the glycine-rich 
loop located in the vicinity of the hinge region has under-
gone a ‘downward’ shift by about 3 Å. Specifically, the 
loop residues (Gly32 to Gly38) acquire a more sheet-like 
characteristic. The two α-helical segments in the region 
around the glycine-rich loop also undergo ‘sympathetic’ 
changes. The RMSD of the heavy atoms in this region is 
also 3.5 Å. Conformational changes in the loop regions at 
the N- and C-terminal ends of helix 1 lead to a rotation of 
about 15° in this helical axis. In the region around the  
allosteric site, there is generally a good overlap of the 
backbone torsions in the two structures. However, a few 
changes are noteworthy: the loop region-spanning resi-
dues 116 to 125 (at the C-terminus of the kinase ‘hinge’) 
have undergone significant conformational changes in the 
backbone and side chain. The protein backbone angles 
(ϕ, ψ) are much more closely correlated in the two struc-
tures (Pearson-R factors of 0.82 and 0.83), as seen from 
the plots in Figure 5. By contrast, the side chain angles χ1 
and χ2 are much more divergent between the two struc-
tures, and are more poorly correlated (Pearson-R factors 
of 0.47 and 0.57), as seen from the distributions of these 
torsions in Figure 6. This is further substantiated by the 
significant loss of overlap in the side chain functional 
groups in the amino acid stretch 116 to 127 (Figure 7). In 
Figure 7, the overlays of six amino acids in the induced 
and native X-ray structures are shown and indicate con-
siderable movement that is important in order to facilitate 
binding of BI78D3 at the allosteric site. It may be noted 
that such a complex web of changes is not easily repro-
duced by simple energy-optimization methods used in the 
previous study9. 
 In contrast with the poses obtained in the ATP site, 
those obtained in the allosteric site by the creation of  
induced fit models clearly demonstrate better binding 
with a GlideScore value of –9.9 kcal/mol for the top-
ranked pose (Figure 8 a). Two other poses have GlideS-
core values of –7.2 and –6.9 kcal/mol (Figure 8 b and c). 
The top-ranked pose has a hydrophobic enclosure energy 
of –1.56 kcal/mol, while it is characterized by a reward 
term of –1.5 kcal/mol for hydrophobically enclosed  
hydrogen bonds with the backbone NH of Leu123 and 
backbone C=O of Met121 (Figure 8 a). The bicyclic moi-
ety in the ligand is nestled by hydrophobic interactions 
from the following residues: Leu123, Leu132, Leu115, 
Ile214, Ile119, Ile157 and Met218 (to a smaller extent). 
The solvent-exposed nitrothiazole moiety forms no direct 
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Figure 4. a, Comparison of the X-ray structure 1UKI (cyan) and the induced fit model needed to accommodate BI78D3 in the allosteric site  
(magenta). RMSD of all the protein-heavy atoms in the overlap is 2.7 Å, which does not represent a major change in the overall 3D structure of the 
protein. The regions with significant conformational changes are highlighted by coloured ovals, with the one around the yellow oval corresponding 
to the allosteric site. b, c, Ramachandran plots. X-ray structures of 1UKI (b) and 1UK1 protein induced to fit BI78D3 (c). Triangles correspond to 
glycine residues. 
 
 
interactions with any amino acid residue. Arg127 is also 
too solvent exposed for any interactions (Figure 8 a). 
 The second-ranked pose (GlideScore value of –7.2 kcal/ 
mol) in the allosteric site is characterized by hydrogen-
bonding interactions with the backbone NH and C=O 
moieties of Lys160 (Figure 8 b). None of these two  
hydrogen bonds are enclosed by a hydrophobic enclosure. 
However, the bicyclic moiety experiences a much smaller 
hydrophobic enclosure reward (–0.74 kcal/mol). Once 
again, here too the nitrothiazole moiety is relatively sol-
vent exposed as is the side chain of Arg127, which serves 
as a gatekeeper residue to the allosteric site. However, a 
lower-ranked pose with GlideScore value of –6.9 kcal/mol 
is characterized by a hydrogen bond to the Met121 back-

bone C=O by the NH moiety in the triazole ring. Fur-
thermore, the nitro group is now in the vicinity of Arg127 
to form favourable, nonspecific electrostatic interactions, 
but the geometries are not quite suitable for those interac-
tions to be categorized as hydrogen bonds (Figure 8 c).  
 Our studies have clearly demonstrated two facts about 
the potential interactions between the ligand BI78D3 and 
the protein structure in 1UKI. First, it can bind with  
potentially greater affinity to the allosteric site than to the 
ATP-binding site so long as induced fit effects are taken 
into account. Secondly, the binding interactions in the  
allosteric site involve physically meaningful hydrogen 
bonding and hydrophobic interactions that are absent in 
the previously reported model9. The models presented 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 102, NO. 7, 10 APRIL 2012 1014 

 
 

Figure 5. Correlation plots for ϕ (a) and ψ (b) side chain angles in the X-ray structure (X-axis) and the induced fit 
model needed to accommodate BI78D3 in the allosteric site (Y-axis). 

 
 

 
 

Figure 6. Correlation plots for χ1 (a) and χ2 (b) side chain angles in the X-ray structure (X-axis) and the induced fit 
model needed to dock BI78D3 in the allosteric site (Y-axis). 

 
 
here are clearly devoid of improper hydrogen-bonding 
geometries characteristic of the binding model published 
earlier9. Importantly, the present study clearly demon-
strates the need for the incorporation of induced fit  
effects in the allosteric site that would be essential in 
understanding the SAR of the compounds bound to this 
site. It may be noted once again that the previously car-
ried out studies did not incorporate any flexibility of the 
protein in the peptide-binding site, which is located on 
the surface of the enzyme. The lack of a direct role for 
the guanidine side chain of Arg127 in the models that are 
presented in this study is qualitatively consistent with 
only a two-fold reduction in the activity in site-directed 
mutagenesis studies, wherein the arginine side chain is 

replaced by alanine. Such a reduction in activity corre-
sponds to a binding free energy loss20 of approximately 
0.5 kcal/mol, which is highly suggestive of the lack of di-
rect interactions with Arg127, in direct contrast with the 
conclusions derived by the model presented by Stebbins 
et al.9. This result is not entirely surprising in light of the 
solvent-exposed nature of Arg127. If this amino acid side 
chain was involved in direct interactions with the ligand 
through the guanidine functionality, the loss of binding 
upon alanine mutation would involve at least three orders 
of magnitude in binding. This is because guanidine inter-
actions with complementary anionic of electronegative 
groups21 are worth at least 8–10 kcal/mol. In light of the 
recently published medicinal chemistry reports22,23 on a 
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Figure 7. Overlays of Gln117, Gln120, Leu123, Glu122, Glu126 and Arg127 residues in the region surround the allosteric site in the X-ray 
(cyan) and induced fit (orange) structures of JNK protein. Each of the six illustrations highlights a particular amino acid for clarity to the user. The 
heteroatoms (N, O, S) in these amino acids are coloured by atom-type to highlight the differences in their location in the two structures. 
 

 
 
Figure 8. a–c, XP docked top-three poses of BI78D3 in the allosteric binding site (obtained by IFD) bounded by helixes 2 (left; orange/yellow) 
and 6 (right; green/blue), away from the hinge region. Also shown are the hydrophobic residues that contribute to hydrophobic enclosure of the 
docked poses leading to improved docking scores over those obtained via docking the hinge region.  
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class of JNK ligands similar to BI78D3, docking studies 
and molecular dynamics simulations have been under-
taken to rationalize the relative binding affinities of vari-
ous ligands on the basis of the three allosteric site models 
presented in this study. Preliminary results clearly indi-
cate the significance of the hydrophobic enclosure inter-
actions identified in the present study, and not identified 
in the previous study9, to be important in the SAR analy-
ses. The detailed results of these studies will be presented 
elsewhere.  

Conclusion 

The present study has challenged the currently prevalent 
model for the binding of BI78D3 to the allosteric site 
(JIP-binding site) of JNK, on the basis of its physical  
viability in terms of stereochemical contacts between  
interacting atoms. Further, this study has developed 
stereochemically feasible models free of short contacts 
and potentially good binding interactions, including  
hydrophobic enclosure, normally important in potent 
kinase inhibitors. It is expected that this model will open 
up avenues for further design of potent and selective JNK 
ligands useful in the therapy of various disease states. 
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