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Abstract c-Jun N-terminal kinase is an important regulator,
activating several transcription factors in response to
proinflammatory cytokines, ultraviolet radiations, environ-
mental stress, hypoxia and osmotic shock and is known to
be reported a cause for many diseases, such as diabetes,
cancer, inflammation, stroke, etc. In the present study, we
aim to predict novel therapeutic leads against c-Jun N-
terminal kinase-3 by employing structure based virtual
screening in combination with various in silico toxicity
filters. We screened ZINC database virtually using a known
potent c-Jun N-terminal kinase inhibitor, SP600125, as
reference molecule. We obtained 128 molecules sharing
270% structure identity with SP600125. These 128 com-
pounds were subjected to virtual screening and various
toxicity filters. Finally, three molecules were identified as
novel c-Jun N-terminal kinase inhibitors. Further binding
mode analysis suggested that these molecules inhibit c-Jun
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N-terminal kinase activity through binding the adenosine
triphosphate binding pocket.

Keywords C-Jun N-terminal kinase * JNK inhibitors *
Virtual screening (VS) * Lipinski’s rule

Introduction

c-Jun N-terminal kinase (JNK) is a hepatic MAP-2 protein
kinase known to be activated after the intraperitonial
injection of cycloheximide in rodents (Kyriakis and Avruch
1990; Zhou et al. 2015). The name indicates its kinase
activity on the c-Jun, an oncoprotein, at the amino terminal
trans-activation domain (Hibi et al. 1993). JNKs are enco-
ded by three genes of which jnkl, jnk2 are ubiquitously
expressed and jnk3 expression is restricted to brain, heart,
and testis. Alternative splicing of these gene transcripts
create ten JNK isoforms (Gupta et al. 1996). JNKs are
activated by proinflammatory cytokines, ultraviolet (UV)
radiations, environmental stress, hypoxia and osmotic shock
(Xie et al. 1998) by triggering the activation of MAP kinase
cascade through sequential phosphorylation of MAP3K,
MAP2K, MAPK, and JNK. Complete activation of JNK
requires dual phosphorylation of threonine and tyrosine
residues within a threonine-proline-tyrosine motif located in
the kinase domain. Upon activation, JNKs regulate several
transcription factors such as c-Jun (a component of activator
protein-1), Elkl, P53, insulin receptor substrate 1, and
several members of the Bcl-2 family of apoptosis-related
proteins etc. (Bode and Dong 2007).

JNK3 also plays an important role in the brain to mediate
neurodegeneration in Alzheimer’s disease, neurotoxicity in
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Parkinson’s disease. It is reported that JNKs are activated in
many diseases, such as diabetes, cancer, inflammation,
stroke, etc. Therefore, JNK inhibitors are expected to be
effective therapeutic agents against these diseases (Asano
et al. 2008). Determination of the X-ray structure of JNK3
has provided an opportunity to design selective inhibitors.
The present study is an attempt to predict novel JNK3
inhibitors from SP600125, an anthrapyrazolone inhibitor of
c-Jun N-terminal kinase (Bennett et al. 2001).

Materials and methods
Virtual screening
ZINC database screening and ligand dataset preparation

SP600125 is a reversible adenosine triphosphate (ATP)
competitive inhibitor of JNK. Using this known potent
inhibitor as reference molecule, we screened ZINC database
(Irwin and Shoichet 2005) for compounds with at least 70%
structure similarity. All the small molecules obtained from
structure similarity screening were downloaded in structure
data format and subjected to ligand preparation in chimera
1.10.2. (Pettersen et al. 2004).

Target structure preparation

The X-ray crystal structures of several JNK3-ligand com-
plexes have been previously reported. The structure with the
best resolution amongst the available crystal structures of
human JNK3 bound with inhibitor at 1.70 A resolution
(PDB: 30Y1) (Gary D. Probst et al. 2011) was chosen for
our study. As an initial step, the crystallographic water
molecules and ligand were removed from the co-crystal
structure. Hydrogen atoms and Gesteiger partial charges
were added to the receptor using UCSF Chimeral.10.2.

Molecular docking

Molecular docking method is widely used to predict the
binding mode of the ligand with protein, which further
helps in the calculation of binding affinities (Meng et al.
2011). Molecular docking was performed using AutoDock
Vina in PyRx program, an open-source software with an
intuitive user interface that runs on all major operating
systems (Dallakyan and Olson 2015). The grid box was
generated around the active site residues with grid center X-
axis —18.33 A°, Y-axis 7.61 A°, Z-axis —30.44 A° and grid
dimensions x-24.41 A°, Y-23.16 A°, Z-23.71 A°.

Analysis of drug-likeness and prediction of adverse
effects

Lipinski “Rule of five” is widely used as a filter for drug-like
properties (Lajiness et al. 2004). The rule states that most
molecules with good membrane permeability have logP <5,
molecular weight <500, the number of hydrogen bond
acceptors <10, and the number of hydrogen bond donors <5
(Lipinski et al. 2012). Lipinski “Rule of five”, adverse
effects of the chemicals i.e., skin sensitization, carcino-
genicity, mutagenicity, and developmental toxicity, the in
silico pharmacokinetic properties and ADME (absorption,
distribution, metabolism and elimination) analysis were
predicted using DataWarrior (http://www.openmolecules.
org/datawarrior.html). DataWarrior is a universal data
analysis and visualization program whose embedded
cheminformatics algorithms make it a versatile tool to
explore large data sets of chemical structures with alpha-
numerical properties (Sander et al. 2015). DataWarrior tries
to assess the toxicity risk by finding substructures within the
chemical structure being indicative of a toxicity risk within
one of aforementioned four major toxicity classes.

Results and discussion
Virtual screening
Docking protocol validation

The docking protocol was validated using redocking
experiment by removing ligand from JNK and docked back
into the same binding pocket using Autodock Vina in PyRx
with default parameters. It showed root mean square
deviation value of 0.843 A°, obtained from all atom coor-
dinates between redocked and experimental confirmations.
Moreover, as shown in Fig. 1b, the docked native ligand is
bound tightly to the ATP binding site by a hydrogen-bond
with oxygen atom of the carboxyl group (C=0) on Met149
in addition to hydrophobic interactions with the residues
Aspl50, I1e70, Vall96, Val78, Leu206, Ala91, Metl46,
Lys93, Leul44, Ilel24 as in co-crystallized structure
(Fig. 1a). It indicates that these parameters are adequate in
reproducing experimental structure and can be extended to
search for novel JNK inhibitors in the present study.

Results from molecular docking of selected inhibitor
analogs

Results from the Zinc database search showed 128 com-
pounds sharing greater than 70% structural similarity with
SP600125. In order to study the molecular basis of inter-
action and binding affinity of SP600125 and its analogs, all
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Fig. 1 PoseView (Stierand and a
Rarey 2010) representation of c-
Jun N-terminal kinase-3 and
native ligand interactions. (a)
Interactions between 30Y1
receptor and ligand taken from
Protein Data Bank (b)
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these compounds were docked with the target protein.
Docking of SP600125 to the receptor structure showed a
binding energy of —9.2 kcal/mol. Among the 128 structural
analogs, 30 compounds were found to contain binding
energy greater —10kcal/mol i.e., better than that of
SP600125 to JNK3 (Table 1).

Assessment of pharmacological properties

All the compounds were tested for Lipinski “Rule of 5”.
DataWarrior results showed that among 30 compounds, 7
compounds i.e., ZINC02054325, ZINC13743542,
ZINCO08277424, ZINC03196840, ZINC03206809,
ZINC22007326, ZINC34253221 did not satisfy Lipinski
rule.

Toxicity prediction

Although Lipinski “Rule of 5” describes the molecular
properties important for a drug’s pharmacokinetics in the
human body, including its ADME, it does not predict the
pharmacological activity of the compounds. Therefore,
pharmacokinetic properties and toxicities were predicted for
all the 30 compounds using DataWarrior. Results of phar-
macokinetic properties and toxicity analysis were shown in
Table 2. Solubility and logP values were calculated for
pharmacokinetic properties, whereas mutagenicity, tumor-
igenicity, irritation effect, and risk of reproductive effect
were predicted for toxicity study. To determine the hydro-
philicity we have predicted logP value, which is the loga-
rithm of its partition coefficient between rn-octanol and
water (10g(Coctanol/Cwater))> 1S @ well-established measure of
the compound’s hydrophilicity. Low hydrophilicity and
therefore high logP values cause poor absorption or per-
meation. It is suggestive for compounds to have a reason-
able probability of being well absorbed in their logP value
which must be less than 5 (Vyas et al. 2013). Results
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showed that among 30 compounds 23 compounds present
within this limit. In general, a poor solubility is associated
with bad absorption and the aqueous solubility (Log S) of a
compound significantly affects its absorption and distribu-
tion characteristics. Results showed that ZINC13743541,
ZINC28917266, ZINC28917268, ZINC26510110,
ZINC28917178, ZINC28917176 have better LogS values
than others. Among the 30 compounds, two compounds i.e.,
ZINC59468290, ZINC34253221 have high mutagenic
activity, one compound i.e., ZINC27304443 has tumori-
genic activity, two compounds i.e., ZINC59468290 and
ZINC02054325 showed the low reproductive effect and one
compound i.e., ZINC34253221 showed high reproductive
effect. Among these 30 compounds except six compounds
i.e., ZINC13743541, ZINC13743549, ZINC27304443,
ZINCO00062970, ZINC13743542, ZINC34253221, all
are predicted to be skin sensitizers. Among these 30
compounds, based on the results from the DataWarrior, it
is predicted to have less LogP, better LogS, good
drug score and less toxicity risk parameters as shown
in the Table 2 ZINC compounds, ZINC13743541,
ZINC28917266, ZINC28917268 might be chosen as the
new inhibitor for JNK with 0.393, 0.336, and 0.336 drug
scores, respectively.

Binding mode analysis

The binding mode of these three compounds was shown in
Fig. 2. Binding mode analysis revealed that these molecules
inhibit JNK activity through binding the ATP binding
pocket by forming hydrogen bonds, hydrophobic interac-
tions and m—x stacking interactions. Among them, com-
pound ZINC28917268 is the most potent with a binding
energy of —10.8 kcal/mol (Table 1). As shown in Fig. 2a
this compound is bound tightly to the ATP binding site
by two hydrogen-bonding interactions with a carboxyl
group present on Ala91 and amino group of Asnl52.
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Table 2 In silico ADMET and druglikeness prediction using data warrior

Zinc Id of Total cLogP CLogS H-Acceptors H-Donors Druglikeness Mutagenic Tumorigenic Reproductive Irritant
ligand Molweight effective

04335977 220.231 24774 —4.482 3 1 1.371 None None None High
13743541 286.333 3.6509 —5.241 3 0 —1.0402 None None None None
13743549 308.339 43817 —6.546 3 0 —0.86509  None None None None
27304443 308.339 43817 —6.546 3 0 —0.86509  None high None None
00572687 324.338 4.4 —7.168 4 0 3.1461 None None None High
03646894 330.386 4.0194 —6.422 4 0 —1.1381 None None None High
59468290 326.354 4.6465 —6.885 4 0 1.8144 high None low High
03646888 338.365 41172 —6.231 4 0 3.1182 None None None High
05013473 338.365 47439 —7.512 4 0 3.059 None None None High
05234516 338.365 47439 —7.512 4 0 3.059 None None None High
00514231 338.365 47439 -7512 4 0 3.059 None None None High
28917266 340.381 3.2739 —-5.268 4 1 4.1909 None None None High
28917268 340.381 3.2739 —5.268 4 1 4.1909 None None None High
02054325 358.783 5.006 —7.904 4 0 3.1747 None None low High
03236702 450.23 4.8371 —8.184 4 0 3.64 None None None High
03256363 342.328 45008 —7.482 4 0 1.8061 None None None High
00062970 334.377 4.8465 —7.026 3 0 —0.86509  None None None None
26510110 339.353 3.6249 —5.994 5 2 2.6475 None None None High
03178646 358.44 49282 —6.962 4 0 —1.8367 None None None High
28917172 374.826 3.8799 —6.004 4 1 42145 None None None High
28917178 358.371 3.3747 5582 4 1 2.8509 None None None High
28917176 358.371 3.3747 5582 4 1 2.8509 None None None High
13743542 348.404 5.0032 —6.651 3 0 —0.99083  None None None None
03197133 354.364 433  -7.186 5 0 3.089 None None None High
08277424 386.837 5.1776 —7.237 4 0 2.0145 None None None High
60368148 388.446 3.0835 —5962 5 0 —11.192 None None None High
05553596 369.335 3.4784 —-7.628 7 0 —2.0349 None None None High
03196840 400.436 6.0592 —9.254 4 0 3.1461 None None None High
03206809 428.446 553  —-9.268 5 0 3.1461 None None None High
22007326 494.553 5.8038 —9.832 6 0 2.817 None None None High
34253221 494.553 5.8038 —9.832 6 0 4.1499 high None High None
The structural analog of aforementioned compound  Conclusion

ZINC28917268, ZINC28917266 also showed good binding
affinity of —10.4 kcal/mol (Table 1). This compound is
bound to JNK ATP binding site with a hydrogen bond.
Hydrogen is donated by an amino group of lys93 to the
oxygen atom of hydroxyl group presented on 28917266
(Fig. 2b). The third compound, ZINC13743541, also
showed the better binding energy of —10.2, than that of
SP600125. It is bound to the JNK by forming a hydrogen
bond. A hydrogen bond donor is an amino group of lysine
to the nitrogen atom present on ZINC13743541 (Fig. 2c).
Figure 2 shows that all these three compounds can form
hydrophobic interactions with the same residues that are
involved in the formation of hydrophobic interactions with
SP600125.

@ Springer

JNKSs are being considered as potential therapeutic targets in
number of human diseases. In this study, we proposed novel
JNK inhibitors using an integrated computational approach
by combining structural based virtual screening, molecular
docking, in silico pharmacokinetic and toxicity studies.
Redocking experiment was successful in reproducing the
experimental structure. The docking results showed that
each compound presented in dataset is able to bind to JNK
with reasonably good binding affinity. Results from phar-
macokinetic and toxicity calculated in DataWarrior, showed
that many of these compounds are not suitable as drug
candidates. Only three compounds i.e., 4-benzylA-methyl-
indeno[3,2-c]pyridazin-5-one (ZINC13743541), [(2R)-2-
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Fig. 2 3D and 2D
representations of binding mode
of proposed ligands with c-Jun
N-terminal kinase-3 (a)
ZINC28917268 (b)
ZINC28917266 (c)
ZINC13743541
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hydroxy-2-phenyl-ethyl]BLAHone (ZINC28917266), and
its  isomer  [(2S)-2-hydroxy-2-phenyl-ethyl]BLAHone
(ZINC28917268), have good pharmacokinetic and drug-
likeness properties. Further binding mode analysis has
suggested these molecules inhibit JNK activity through
binding the ATP binding pocket. Hence, it can be con-
cluded that combination of the above in silico methods is

able to identify new hits that may act as a good lead against
JNK. Further pharmacological studies are needed to be
performed for considering these three small molecules as
effective.
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