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Introduction

1. INTRODUCTION

Neurodegenerative diseases (NDs) represent a common neurological pathology that determines a
progressive deterioration of the brain or the nervous system. Neurodegenerative Diseases (NDs) are
defined as a fatal and debilitative condition resulting in the intensifying death of nerve cells. As
members of the MAPK family, c-Jun-N-terminal kinases (JNKs) regulate the biological processes of
apoptosis. In particular, the isoform JNK3 is expressed explicitly in the brain at high levels and is
involved in the pathogenesis of neurodegenerative diseases such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD), Huntington’s disease (HD), multiple sclerosis (MS), motor neuron disease
(MND).The human brain is the most affected organ due to its sensitivity to the oxygen level in the
blood and high oxygen demand.The kinase c-Jun N-terminal Kinase 3 (JNK3) plays an important role
in neurodegenerative diseases.

c-Jun N-terminal Kinase (JNK) is a serine/threonine kinase that is one of the members of the
mitogen-activated protein kinase (MAPK) family and it is activated by pro-inflammatory cytokines or
exposure to environmental stress such as heat shock, ionizing radiation, growth factors and also from
internal stressors such as oxidative stress and DNA damage, DNA and protein synthesis inhibition
response to endoplasmic reticulum stress.JNK3 Serine/threonine-protein kinase involved in various
processes such as neuronal proliferation, differentiation, migration and programmed cell death.
Extracellular stimuli such as proinflammatory cytokines or physical stress stimulate the stress-
activated protein kinase/c-Jun N-terminal kinase (SAP/JINK) signaling pathway. JNK3 mainly
expressed in the CNS is the most sensitive isoform to stress stimulation, suggesting that it is an
important target and biomarker for the treatment of neurodegenerative diseases. (Zhao et al., 2021)
The JNK pathway plays a major role in apoptosis. JNK is a multifunctional kinase involved in many
physiological and pathological processes.JNK plays an important role in the brain ischemic and related
damages. JNK pathway is generally a “death” signaling pathway. The normal JNK pathway is
essential for neurodevelopment and neuronal regeneration. JNK pathway plays an important role in
primary sensory neurons after tissue or nerve injury, JNK signaling pathway is associated with the
pathogenesis of several diseases including diabetes, rheumatoid arthritis, inflammatory disorders,
vascular diseases, cancer and neurological diseases. JNK can induce apoptosis in response to a variety
of stresses. They differ in their tissue expression profile and functions, with JNK1 and JNK?2 being
widely expressed, whereas JNK3 highly expressed in the brain and most responsive to stress stimuli in

CNS and lesser extent in cardiac smooth muscle and testis.
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JNK3 Mostly involved in neurodegenerative disease like Alzheimer’s disease, Parkinson’s
disease, cerebral ischemia and other CNS disorder.JNK3 plays key role in brain function under normal
and pathological condition.JNK3 has been implicated in brain development, neurite formation,
plasticity in addition to memory and learning.JNK3 is involved in several neurodegenerative diseases
both acute and chronic. JNK3 activation has a important role in triggering apoptosis and neuronal
death.JNK3 activation is pro-apoptotic pathway in hippocampus neurons. consistent with a role for
JNK3 in excitotoxic neuronal cell death.JNK3 has been identified as a promising target for potential
treatment of neurodegenerative disorders .Aminopyrazoles, amino pyridines, aminopyrimidines,
indazoles, pyridine Carboxamide, are some molecule already reported as ATP competitive JNK
inhibitors. (Qinghua Wua et al., 2020) suggested that JNK3 is the major kinase for APP
phosphorylation at T668. Similar mechanism of action to SP600125, AS601245 blocks JNK3 with a
greater potency than JNK1 and JNK2.

Many medicinal plants such as, Lyciumbarbarum, Melissa officinalis, Momordicacharantia,
Cyperusrotundus etc. possessed neuroprotective effect by many mechanisms. Natural antioxidants
such as polyphenols, curcumin, resverastrol, and xanthone have been shown to possess
neuroprotective activity in experimental models. Further, the research towards finding effective
neuroprotective agent from natural origin is the current theme of our study. Phytochemicals from
medicinal plants play a vital role in maintaining the brain's chemical balance by influencing the
function of receptors for the major inhibitory neurotransmitter (Kumar et al., 2012). Phytochemicals
protect neuron by targeting multiple pathogenic factors of neurodegenerative disorders.
Phytochemicals, importantly those having electrophilic structure have recently increased attention
because their ability to induce cell survival responses like detoxification and antioxidant effects.

Plumbagin is a phytochemical (5-hydroxy-2-methyl-1, 4-naphthoquinone) which is naturally
accuringnapthoquinone isolated from the roots of medicinal plant of plumbago genus, plumbago
indica, Plumbagozeylanica, Plumbagorosea, and Plumbagoauriculata, belonging to the family
Plumbaginacea. In some studies shows that plumbagin have neuroprotection by Nrf2-ARE pathway
and also have variety of uses like potential anti-inflammatory, antioxidant, anti-proliferative, anti-
atherosclerotic, anticoagulant, anti-fertility, antifungal, anti bacterial, anti-angiogenic, anticancer
etc.(Jangra et al., 2021) . PLB, a natural compound, has shown potent anti-proliferative effects by
regulating various signaling pathways related to cell cycle and apoptosis. Plumbagin produced anti-

inflammatory effect by suppressing the activation of nuclear factor kappa B (NF-kB). Plumbagin
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protects against cerebral ischemia and spinal cord injury-induced oxidative stress and inflammation by

activating the nuclear factor-erythroid 2-relatedfactor-2 /antioxidant response element (Nrf2/ARE)

pathway. Plumbagin has shown to promote generation of astrocytes and neuronal cell proliferation.

Plumbagin showed potent anti-inflammatory effect by inhibiting the expression of COX-2 without

affecting COX-1 (Luo et al., 2010). Among botanical pesticides, especially plumbagin have reported

neuroprotective properties and it also promotes the generation of astrocytes from rat spinal cord neural

progenitors vis transcription factor activator.

Insilco approaches provide an alternative method with low cost that has been successfully

implemented to cure ND disorders in recent days (Rai et al., 2020).

In this study, selective neuroprotective JNK3 inhibitory activity of plumbagin and its
derivatives will be predicted by using insilico computational methods.

An energetically minimized structure-based pharmacophore hypothesis for JNK3 inhibitors
will be developed.

Molecular docking studies will be conducted for plumbagin and its derivatives with crystal
structure of JNK3 inhibitor to determine binding affinity.

Qikprop module will be used to analyze ADME (Adsorption, Distribution, Metabolism and
Excretion) druglikeness, toxicity profile.

The binding free energy of most promising compounds will be estimated by using MM/GBSA.
The stability of the docked Protein-ligand complex will be evaluated via Molecular dynamics

by using of Schrodinger V7.7.
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2. REVIEW OF LITERATURE
2.1 JNK signaling pathway
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Figure 1 JNK signaling pathway

2.1.1 JNK signaling

JNK, a member of the mitogen- activated protein kinase family, plays an important role
in apoptosis. JNK pathway is generally a “death” signaling pathway. JNKSs are encoded by three
genes: jnkl (MAPKS), jnk2 (MAPKD9), and jnk3 (MAPK10).JNK1 and JNK2 are expressed in
most tissues, while JINK3 is selectively expressed in the brain, heart, and testis. The JNK module
plays an important role in apoptosis, inflammation, cytokine production, and metabolism. C-jun
n-terminal kinase is activated by environmental stress (ionizing radiation, heat, oxidative stress,
and DNA damage and inflammatory cytokines, NGF, B-amyloid exposure, TNF, UV irradiation,
Low potassium excitotoxic stress (Yarza et al., 2016). JNK pathway is activated through G
protein-coupled receptors (GPCRs) using such as G12/13.Initiated by mitochondrial events
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(Dhanasekaranet al., 2008). JNK3 kinase plays a critical role in neurotoxicity. It has also been
implicated in the progression of many life-threatening neuronal and metabolic disorders
(Braithwaiteet al., 2010). JNK is a prominent mediator of pathological events and is associated

with neuroinflammation and neurodegeneration.

MKKY7 also called stress-activated protein kinase/extracellular signal regulated protein
kinase kinase-2. The loss of MKK?7 leads to decreased proliferation.MKK4 is strongly activated
by environmental stress, while MKK?7 is activated by both inflammatory cytokines and
environmental stress. Recent studies indicate that although MKK4 and MKK?7 phosphorylate
JNK on both Thr and Tyr residues. MKK4 preferentially phosphorylates JNK on Tyr and MKK?7
preferentially targets on Thr (Tournier et al., 2018). MKK4 and MKK?7 activation is in turn
mediated by various MAPKKKSs (e.g., apoptosis signal-regulating kinases, ASKs; mixed lineage
protein kinases, MLKSs; and dual leucine zipper kinase, DLK); moreover the JNK signaling
pathway is also modulated by different scaffold proteins, as the JNK-interacting protein (JIP)1,
JIP2, and JIP3(Dickens et al., 1997) (Yasuda et al., 1999)

MAPKRKK  (DLK) (ASK ) (MLK) etc.

MAPKK

MAPK

Neuronal cell death, migration, and autophagy
Axon clongation, maintenance, and transport
Dendrite formation
Animal behavior and metabolism

Figure 2.The JNK signaling pathway in the mammalian brain. (Yamasaki et al., 2012)
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JNK signaling pathway is such a death pathway that control cell death. There are two

main downstream signaling of JNK pathway: one is activation of death signaling such c-Jun, Fos

and apoptosis signaling such as BIM, BAD, BAX protein or active P53 transcription, to promote

cell apoptosis; the other is inhibition of the cell survival signaling such as STATs and CREB

ROS
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Figure 3 Downstream signalling JNK pathway(creative diagnostics,2021)

2.1.2 Mechanism:

JNK can promote apoptosis by two distinct mechanisms. In the first mechanism
targeted at the nuclear events, activated JNK translocates to the nucleus and
transactivates c-Jun and other target transcription factors (TF). JNK can promote
apoptosis by increasing the expression of pro-apoptotic genes through the
transactivation of c-Jun/AP1-dependent or p53/73 protein-dependent mechanisms.
JNK phosphorylates the BH3-only family of Bcl2 proteins to suppress the anti-
apoptotic activity of Bcl2 or Bel-XL.

JNK can stimulate the release of cytochrome ¢ (Cyt C) from the mitochondrial
inner membrane through a Bid-Bax-dependent mechanism, promoting the

formation of apoptosomes consisting of cytochrome c, caspase-9 (Casp 9) and
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Apaf-1. This complex initiates the activation of caspase-9-dependent caspase
cascade.

e JNK promotes apoptosis by inhibiting the antiapoptotic proteins such as Bcl2.
JNK can also phosphorylate several other transcription factors including JunD,
ATF2, ATF3, Elk-1, Elk-3, p53,RXRa, RARb, AR, NFAT4, HSF-1 and c-
Myc(Johnson et al., 2007)

2.1.3 JNK in nervous system disease:

JNK3 activation is a pro-apoptotic pathway in hippocampus neurons consistent with a
role for JNK3 in excitotoxic neuronal cell death. The role of JNK3 in excitotoxicity suggested
that JNK/ SAPK pathways would be involved in other neuronal death responses and
neurodegenerative diseases. A clear role of INK/ SAPKs in ischemia-induced cell death has been
demonstrated in mice. JNK3 may also prove to be a therapeutic target for neurodegenerative
diseases including Parkinson's and Alzheimer's disease. JNK3 directly phosphorylates Tau
proteins facilitating the formation of neurofibrillary tangles, positive correlated with cognitive

impairment and neuronal loss.

JNK/SAPKSs are clearly involved in ischemia-induced cell death and reperfusion injury in
several different tissues and the control of insulin sensitivity in metabolic regulation. There are
many other suggestions in the literature that link JNK/SAPK signaling to additional human
diseases such as type I diabetes, osteosarcoma, ataxia and immune system dysfunction. JNKs
probably play a role in chronic inflammation, airway hyper responsiveness and protease-directed
tissue remodeling. It may also be useful to develop specific MKKK inhibitors to selectively

block JNK activation in response to different upstream inputs. (Jing et al., 2005)
2.1.4 Role of different JNKs

Hyperactivation of JNK signalling is a very common finding in a number of disease
states including cancer, inflammatory and neurodegenerative disease. (Zhao et al., 2021)
suggested that in the developing brain, JNKI1 affects the morphology of dendrites by
phosphorylating cytoskeleton regulatory proteins and participates in hippocampal long-
termdepression (LTD), while JNK2 plays an important role in long-termpotentiation (LTP).

JNK3 is the major isoform of stress stimulus activation and is mainly involved in the process of
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neurodegeneration.JNK1 phosphorylates IRS-1phosphorylates and JNKI1 knockout mice are
resistsnt to diet-induced obesity (Sabio et al., 2010) JNK2, often in concert with JNK1, has been
implicated in the pathology of autoimmune disorders such as rheumatoid arthritis (Han et al.,
2002) and asthma (Chialdaet al., 2005). A recent study suggested that JNK2 may also play a
role in vascular disease and atherosclerosis However, to date, no inhibitory of JNK have been

approved for use in humans.

Recent studies suggested that JNKI and JNK2 play an important role in the development
of diabetes, obesity, arthritis, cancer, and heart disease. JNKI seems to be involved in the
development of obesity- induced insulin resistance, which implies inhibition of JNKI might be
an effective way of treating type-2 diabetes. JNK3 has been shown to play important roles in the
brain to mediate neurodegeneration, such as beta-amyloid processing, Tau phosphorylation and
neuronal apoptosis in Alzheimer's disease, as well as the mediation of neurotoxicity in a rodent
model of Parkinson's disease (Musi et al., 2020). JNK3 modifies the amyloid precursor protein
(APP), which results in a stimulation of amyloid-$ 42 (AB42) peptide productions. (O'brien et
al., 2011)

2.1.5 Structure and functions of JNK3

JNK3 is a protein kinase of the MAPK family that is Brain-selective JNK isoform. INK3
is a multifunctional enzyme important in controlling brain functions under both normal and
pathological conditions. JNK3 has been implicated in brain development, neurite formation and

plasticity (Leach et al., 2015) in addition to memory and learning.

X-ray structure shows all JNK3 has two different lobes, N-terminal and C-terminal lobes.
The N-terminal domain (residues 45-149 and 379-400) of JNK3 contains mostly B strands,
whereas the C-terminal domain (residues 150-211 and 217-374) is predominantlya helical. A
deep cleft between the two domains comprises the ATP-binding site, where the glycine-rich
sequence (Gly71-Ser-Gly-Ala-GIn-Gly-IleVal78) of JNK3 forms a well- defined. The region
spanning residues Ser217-Thr226 contains the JNK3 regulatory phosphorylation sites, Thr221
and Tyr223, and is referred to as the 'phosphorylation lip' or "activation loop, have small
segment commonly known as hinge region composed of five amino acid residues (glul47-

leul148-met149-asp150-alal51) in JNK3.
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2.1.6 Neuroprotective effects of JNK inhibitors:

Activation of JNK has been identified as a key element responsible for the regulation of
apoptosis signals. c-JNK pathway activation may be common step in various neurodegenerative
diseases. The pharmacological inhibition of JNK is a suitable strategy to protect against neuronal

death.
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Several kinds of inhibitors have been developed, targeting different levels of the JNK signaling
cascade and some of them, such as CEP-1347 and SP600125, have been used in clinical trials
SP600125 and AS601245, both selective inhibitors of JNK pathway. Intraperitoneal injection of
SP600125 was effective in the MPTP mouse model of PD. AS601245 also displayed anti-
inflammatory activity in an experimental model of rheumatoid arthritis. CEP-1347 is a small-
molecule inhibitor of mixed lineage kinases (MLKs) and also enhances neuronal survival in a

variety of nonclinical model(Davies et al., 2012).

(Wang et al., 2019) Reported that dopaminergic neurons were protected from apoptosis due to
the inhibition of JNK by its specific inhibitor, SP600125. (Lange et al., 2015) exploited the
sulfur atom of the gatekeeper residue Met146 for attractive hydrogen bonding interaction in the
design of JINK3 aminopyrimidine-based inhibitors. A recent study shows that neuronal apoptosis
induced by brain ischemia partly depends on the phosphorylation of JNK3. Activated JNK, in

turn, phosphorylates c-Jun and those proteins associated with apoptosis such as Bcl-2 and P53

(Darusman et al., 2021) Revealed that Christinin compound molecules has potential to be

developed as c-Jun N-terminal kinase (JNK) inhibitors candidate to control of skin infections
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causedby Propionibacterium acnes which has potential as a topical anti-acne. The christinin
molecules form a stable molecularinteraction with the active binding site of the of c-Jun N-

terminal kinase (JNK) macromolecules.

(Shen et al., 2021) Reported that Photobiomodulation inhibited JNK3 activity via the
ERK/MKP7 pathway. JNK3 activity is decreased in APP/PS1 transgenic mice via PBM
(635 nm, 6 J/cmz, daily for 30 days), resulting in a dramatic reduction in amyloid load, AMPA
receptor endocytosis, and inflammatory responses, thereby rescuing memory deficits. These
studies suggested that PBM results in A reduction by inhibiting the amyloidogenic pathway and

is a promising therapeutic strategy via inhibiting JNK3.

(Syaifie et al., 2021) Suggested that Neurodegeneration occurs when nerve cells in the brain or
peripheral nervous system lose function over time and eventually die. It is caused by an
extracellular neurotoxic micro-environment associated with oxidative stress, chronic
inflammation, and mitochondrial dysfunction. Dietary phytochemical supplementation is proving
to be a promising nutritional intervention approach due to its neuroprotective properties as an
antioxidant and anti-inflammation. Molecular docking is the preliminary study in drug design
tools as acombination of computational techniques and biological molecular structure data to
predict the interaction between the ligand and its protein target. propolis significantly inhibited
the expression of pro-inflammatory cytokines such as IL-1B, TNF-a, and IL-6, generation of

ROS from mitochondria, and NF-KB activation.

(Huang et al.,, 2021) Reported that Zoledronic acid inhibits osteoclastogenesis and bone
resorptive function by suppressing RANKL-mediated NF-kB and JNK and their downstream
signalling pathways. Zoledronic acid (ZOL) plays a pivotal role in regulating bone mineral
density. ZOL also suppressed the activation of NF-kB and the phosphorylation of c-Jun

N-terminal kinase.

(Zhao et al., 2021) Described that c-Jun N-terminal kinase (JNK) signaling pathway is a

potential therapeutic target for neurodegenerative diseases. Therefore JNK is involved in cell
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proliferation, cytoskeleton construction, and cell malignancy.3 In particular, activation of JNK
leads to synaptic dysfunction and even neuronal apoptosis, ultimately resulting in memory
deficits and neurodegeneration. JNK phosphorylates the amyloid precursor protein and tau,
ultimately resulting in the formation of extraneuronal senile plaques and intraneuronal
neurofibrillary tangles. JNK3 is widely acknowledged, as a potential therapeutic target for CNS

diseases.
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Figure 4: JNK signaling in the pathogenesis of neurodegenerative diseases. Zhao et
al.,2021

(Joon-Hong, et al., 2021) Three pan-JNK inhibitors, SP600125, AS-602801, and Tanzisertib
have been introduced and suggested to target JNK3 in neurodegenerative disease. SP600125 was
the first reported potent pan-JNK inhibitor with poor selectivity over other MAPKSs, such as p38
and Erk. Studies have showed that SP600125 leads to decreased formation of neurofibrillary
tangles and oligomeric amyloid B plaques and improves AD-associated cognitive declines in
APPswe/PS 1dE9 double transgenic mice. AS602801 was another pan-JNK inhibitor identified
in the process of drug development, but for other diseases. In 2012, AS602801 reached phase 2
clinical trial studies to evaluate its ability to treat inflammatory endometriosis. Tanzisertib,
another potent pan-JNK inhibitor, was investigated for treatment of discoid lupus erythematosus

in clinical trials in 2011.
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(Qinghua, et al., 2020) JNK signaling is apparently involved in cancer development and
progression. Therefore, JNK is an attractive target for therapeutic intervention with small
molecule kinase inhibitors. Actually some ATP-competitive (e.g. SP600125) and ATP-non-
competitive inhibitors have been developed; however, some limitations are noted in these
inhibitors. For example, cell toxicity and a lack of specificity are observed due to their
indiscriminately inhibition of the phosphorylation of all JNK substrates. During the last decade,

some JNK inhibitors have been tested in many clinical trials. CC-401 is a seconded generation of
ATP competitive inhibitors, shows antineoplastic activity. This compound shows a high capacity

in the inhibition of JNK and is also seen to show efficacy in renal injury models. However, a

phase I clinical trial using CC-401 for acute myeloid leukaemia was discontinued. Some
inhibitors of JNK have been tested in the clinical study. PGL5001 (AS601245) is another ATP-

completive inhibitor and is currently being evaluated in a Phase II clinical trial.
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Department of Pharmacology, PSG College of Pharmacy, Coimbatore. Page 12



Review of literature

(Singh et al., 2020) Investigated that the insilico docking studies against JNK protein to assess
the anti-convulsant activity of synthesized hydrazone derivatives. Recently hydrazide-
hydrazones have great importance due to their various biological properties and have multiple
beneficial effects include anti inflammatory, anticonvulsant, anticancer, antibacterial. Epilepsy is
a chronic neurological disorder. JNK hyper-activation significantly correlated with pathogenesis
of chronic epilepsy. JNK phosphorylation as a potential antiepileptic target in temporal lobe
epilepsy. In this paper conduct Insilico docking studies of newly synthesized hydrazones
derivatives against JNK protein and calculate binding affinities. In this research work 2-(3,4-
dichloro-benzyl)-benzoic acid (4-fluoro-benzylidene)-hydrazide has high binding affinity for
JNK3 protein (G-score -9.5kcal/mol) interaction with MET,SER,LYS. The Potential lead
compound decreased the hyperactive of JNK signaling pathway and offered to treat epileptic

patients.

(Youri, et al., 2020) Reported that 3-alkyl-5-aryl-1-pyrimidyl-1H-pyrazole derivatives had
highly selective JNK3 inhibitors with reduced molecular weights for better Brain-Blood Barrier
permeability. Among the derivatives, the ICsy value of 8a, (R)-2-(1-(2-((1-
(cyclopropanecarbonyl) pyrrolidin-3-yl) amino) pyrimidin-4-yl)-5-(3,4-dichlorophenyl)-1H-
pyrazol-3-yl)acetonitrile exhibited 227 nM, showing the highest inhibitory activity against JNK3

(Jang et al., 2020) Reported that 1-pyrimidinyl-2-aryl-4,6-dihydropyrrolo[3,4-d]imidazole-
5(1H)-carboxamide derivatives will be highly useful in the development of JNK3-selective
inhibitors as therapeutic agents for neurodegenerative diseases. Sixteen compounds were
synthesized and measured for their enzyme activity against JNK3.compound 18a,(R)-1-(2-((1-
(cyclopropanecarbonyl)pyrrolidin-3-yl)amino)pyrimidin-4-yl)-2-(3,4-dichlorophenyl)-4,6-

dihydro pyrrolo [3,4-d]imidazole-5(1H)-carboxamide, showed the highest IC50 value of 2.69
nM. Kinase profiling results also showed high selectivity for JNK3 among 38 kinases, having

mild activity against JNK2, RIPK3, and GSK38, which also involve in neuronal apoptosis.

(Zulfigar et al., 2020) Reported that FDA-approved drugs dabigatran, estazolam, and
pitavastatin demonstrated a superior affinity for JNK3, which was similar to the reference drug

SP600125, as indicated by docking simulations. These drugs decreases theexpressive of TNF-a,
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NF-kB in cortex, striatum and H-bond interaction with Met 149,Met129,Lys 93.JNK involved
not only in apoptotic pathway also in cell regulating mechanism such as cell proliferation,gene

expression.

(Abdellahet al., 2020) Reported that a series of tetra-substituted pyridinylimidazoles derivatives
as JNK3 inhibitors were analyzed by using computer-aided drug design processes, such as

2D/3D-QSAR and molecular docking.

(Plotnikov et al., 2020) Suggested that 11H-indeno[1,2-b]quinoxalin-11-one oxime sodium salt
(IQ-1S) inhibits JNK enzymatic activity in the hippocampus and protects against stroke injury
when administered in the therapeutic and prophylactic regimen in the rat model of FCI and also

has a high affinity to JNK3 compared to INK1/JNK2.

(Chen et al., 2018) Described that JNK3 is one of the major MAPK family members in the
brain. It is reported that calcium overload and oxygen free radicals can activate JNK3, thereby
inducing the expression of apoptotic proteins such as p53 and FasL and inducing the expression
of caspases, so as to accelerate the process of cell apoptosis. Therefore, this study aimed to
investigate the effect of PI3K/Akt/mTOR signaling pathway on the expression of JNK3 in PD
mice. Inhibition of PI3K/Akt/mTOR signaling pathway is negatively correlated with the
expression of JNK3. Inhibition of PI3K-Akt-mTOR signaling pathway leads to a decrease in the

expression of JNK3, which protects dopaminergic neurons and improves PD.

(Brandalise et al., 2017) Revealed thatHericiumerinaceus bioactive compounds enhance the
NGF mRNA expression in the hippocampus through the c-jun N-terminal kinase (JNK) pathway.
In the AD mouse model, HE improves the spatial short-term and visual recognition memory by

boosting hippocampal neurons.

(Jung et al., 2017) Found out a novel scaffold for JNK3 inhibitors and they performed 3D-
QSAR studies include COMFA and COMSIA to explain activities of two different types of INK
inhibitor series such as 2- amino phenyl acetamide derivatives and N-(thiophen-2yl) acetamide
derivatives. Activation of JNK3 through phosphorylation leads to caspase activation, neuronal
inflammation, AP aggregation, and apoptosis. JNK3 1is major protein kinase for APP
phosphorylation and important mechanism for AP processing. Targeting JNK3 is a reasonable

strategy for drug discovery in ND. Based on 3D-QSAR such as COMFA and COMSIA models
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successfully suggested N-(thiophen-2-yl)-8H-Pyrazolo [1,5-a] pyrido[1,2-c] pyrimidine-10-

carboxamide as a novel scaffold for JNK3 inhibitor.

(Xiang-Ru wen et al., 2016) Reported that sevoflurane could suppress ischemic brain injury by
downregulating the activation of the ASK1/JNK3 cascade via increasing the phosphorylation of
Aktl during ischemia/reperfusion. The activated ASKI1/JNK3 signaling cascade mediates

apoptosis, causing neuronal damage

(Yarza et al., 2016) JNK3 is a multifunctional enzyme important in controlling brain functions
under both normal and pathological conditions. JNK3 has been implicated in brain development,
neurite formation and plasticity (Eminel et al., 2008) in addition to memory and learning. Under
pathological conditions, JNK3 has been considered as a degenerative signal transducer and it
seems to be the isoform involved in over-activation of JNK after deleterious stress-stimuli in
adult brain (ischemia, hypoxia, epilepsies). This principle is supported by the data on the reduced
apoptosis of hippocampal neurons and reduced seizures induced by kainic acid in JNK3

knockout (—/-) mice, and by the notion that JNK3—/— mice are also protected against ischemia.

(Jang et al., 2013) Reported thatINK3 is involved in nerve cell apoptosis, neurological function
recovery and neuronal regeneration. Down regulation of JNK3 expression in the peripheral area
of the injured cerebral cortex in the early stages of traumatic brain injury may be associated with
apoptosis of nerve cell. (Long et al., 2013) JNK3 involved in nerve cell apoptosis and
neurofunctional recovery after traumatic brain injury. Activation of JNK3 could promote
apoptosis of glial cells in spinal cord injury. The role of JNK3 in apoptosis was also established
using JNK3—-/— mice (Mehan et al., 2011).JNK protein control neuronal polarity, axon
growth/path finding and programmed cell death. Recent studies show that role for JNK in motor

neuron diseases such amyotrophic lateral sclerosis and spinal muscular atrophy.

(Chen et al., 2018) Several reports have demonstrated that active JNK is involved in the
phosphorylation of tau proteins including in stroke and traumatic brain injury. (Ploia et al.,
2011) Furthermore, JNK3 knockout mice are remarkably resistant to kainic acid-induced
excitotoxicity and attenuated neuronal death in the global ischemia-hypoxia model. Knocking
out of the JNK3 gene condenses the apoptotic Bim and Fas activity after stroke and with parallel

less cytochrome c release following oxygen-glucose deprivation. (Morel et al., 2010)
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2.2 Plumbagin:

OH O
Figure: 6 Structure of Plumbagin: PubChem ID: 10205

Plumbagin is a hydroxy-1, 4-naphthoquinone that is 1,4-naphthoquinone in which the
hydrogen at positions 2 and 5 are substituted by methyl and hydroxyl groups, respectively.
Phytochemicals, importantly those having electrophilic structure have recently increased
attention because their ability to induce cell survival responses like detoxification and

antioxidant effects.

Plumbagin is a yellow dye, formally derived from naphthoquinone .Plumbagin
phytochemical named (5-hydroxy-2-methyl-1,4-naphthoquinone. Plumbagin is a naphthoquinone
which is mostly present in Plumbago species, which shows several pharmacological activities,
including anti-inflammatory, neuroprotection (Yuan et al.,, 2017) antitumor activity and
antioxidanteffects, anti-fertility, antibacterial, and antifungal. Which is one of the simplest plant
secondary metabolites of three major phylogenic families viz. Plumbaginaceae, Droseraceae and
Ebenceae (Hazra et al., 2004). Plumbagin can produce different biological action in different
cell type’s i.e. in cancer cells PLA induces cell cycle arrest and apoptosis. (Wang et al., 2008)
reported that Plumbagin induces cell cycle arrest and apoptosis through reactive oxygen
species/c-Jun N-terminal kinase pathways in human melanoma A375. S2 cells. It also promotes
generation of astrocytes from rat spinal cord neural progenitors via transcription factor
activation. Botanical pesticides generally having a toxic property in higher doses so they usually

studied for cancer therapeutic potentials.

Plumbagin was shown to induce apoptosis in both mouse and human T-cell lymphoma

cell lines via increased oxidative stress, caspase activity and loss of mitochondrial membrane
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potential, induction of cytochrome-c release, FasL expression, and high Bax levels via activation
of the JNK pathway (Checker et al., 2018) In many signaling pathways, the key regulatory
genes regulated by plumbagin are NF-kf, STAT3, and AKT,etc. Plumbagin is also a potent
inducer of ROS, suppressor of cellular glutathione, and causes DNA strand breakby oxidative

DNA base damages.

(Rajalakshmi et al., 2018) The 5" position hydroxyl group of PLB increases its electrophilic
properties and makes it a more potent cytotoxic molecule via its ability to accept electrons which
increases its capacity to generate ROS. In third position Substitution of N-acetyl-l-amino acid
side chain its significantly increased antifeedant activity. Halogen substitution at thired position
it shown stronger ichthyotoxicity than free PLB. PLB homologues (2-alkyl-1,4-
naphthoquinones) as well as their 3-methyl derivatives were shown weaker prostaglandin
synthetase (PGS)-inhibition activity. Thioglycosides and alkylglucoside derivatives showed
antibacterial activity by inhibiting Nacetylgluco- saminylinositol (GIcNAc-Ins)-deacetylase
(MshB) and mycothiol-S-conjugate amidase (Mca) which are needed for mycothiol synthesis in
bacteria. The PLB bind at C-3 position via 2-5 methylene carbons and an amide linkage to
phenyl-2-deoxy-2-amino-1-thio-a-D-glucopyranoside was shown potent inhibitor of MshB.
MshB inhibitory activity was shown by large carbon chain length substituted in PLB.
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Figure 7: structure activity relationship of plumbagin
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(Banasri et al., 2002) reported that cytotoxicity of compounds containing quinines structure
might be due to radical formation via electron transport in the existence of quinine ring.
Therefore, cytotoxicity of PLB may be associated with its special structure which contains a
quinone ring. The hydroquinonoid, nitro, cyano and methyl ester derivatives of PLB did not
show any marked enhancement in the tumour-inhibitory activity.

(Nadhan et al., 2021) Suggested that the roots of Plumbago rosea Linn. are the richest source of
plumbagin. PLB Chemicallyidentified as a naphthoquinone. Plumbagin (5-hydroxy-2-methyl-1,4-
naphthoquinone)is a yellow crystalline substance present in the rootsof P. zeylanica, P. rosea, P.
capensis(syn.P.auriculataThunb.),and P.europea, belonging to the family Plumbaginaceae
Plumbagincontains a 2-methyl-1,4-naphthoquinone skeleton (i.e.,an aromatic methyl p-quinone
moiety). The compoundis steam volatile and sublimes at 90°C. (P. rosea L. and P. zeylanica L.)Is a very

potent herbal drug and has well-proven hepatoprotective activity. (Akhilraj et al.,2021)

(Zhang et al., 2021) Reported that Plumbagin is a potential natural product which
showedinhibitory effect on the growth of Ishikawa cells. PLB could activate the apoptotic
pathway of death receptor. Plumbagininduced autophagyand apoptosis through PI3K/AKT
signaling pathway, blocked the cellcycle of Ishikawa cells in G2/M phase, promoted apoptosis
throughdeath receptor and mitochondrial pathways, and blocked PI3K/AKTpathway to prevent

cell invasion.

(Shi et al., 2021) Revealed that Plumbagin has a pleiotropic effect on various cellular functions.
Some studies have reported that PLB displays anti-fibrotic properties in the lung, kidney and
liver. PLB regulated tissue repair and collagen deposition in Traumatic tracheal stenosis rats.
PLB regulates lung fibroblast activity and attenuates Traumatic tracheal stenosis in rats by

inhibiting TGF-B1/Smad and Akt/mTOR signaling pathways.

(Xue et al., 2021) Suggested that phytochemicals has been showed as outstanding resource for
the treatment of various malignancies. Plumbagin (5-hydroxy-2-methyl-1, 4-naphthoquinone) is
a naphthoquinone-derived yellow crystalline phytochemical, which has been showed to have
anti-proliferative, pro-apoptotic and reactive oxygen species (ROS) generation effects both in-
vitro and in-vivo studies PLB induced apoptosis and autophagy by generating reactive oxygen

species to mediate JNK and AKT/mTOR pathways.
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(Singh et al., 2021) Reported that plumbagin involve increased oxidative stress, caspase
activity, loss of mitochondrial membrane potential, induction of cytochrome c release, FasL
expression, and high Bax levels via activation of the JNK pathway, down-regulation of
expression of NF-«kB, suppressed TNF-a-induced phosphorylation of p65 and IkB kinase (IKK),
degradation of IkBa, and blocking STAT3/ polo-like kinase 1 (PLK1)/AKT signaling

(Zhang et al., 2021) Reported that Plumbagin have effective cardioprotective activity against
isoprenaline hydrochloride (ISO)-induced MI heart injury. Increased the antioxidative enzymes,
and decreased the levels of pro-inflammatory cytokines (TNF-a, IL-6, and NFkB) and reduced
Na*/K*-ATPase activity Plumbagin pretreatment could reduce the ROS production by regulating
the expression of NOX4 and down regulated NF-kBsignalling, and inhibit OGDR induced

NLRP3 inflammasome activation.

(Jangra et al., 2021) Reported that ICV-LPS administra- tion causes memory impairment along
with anxiety-like behavior in male Wistar rats. The mechanism involved in the neuroprotection of
plumbagin may be partially due to alleviation of oxido-nitrosative stress, neuroinflammation,
mitochondrial dysfunction and cholinergic deficits in the hippocampus. plumbagin could be a
potential therapeutic phytochemical in neuropsychiatric illness associated with inflammation.
previous study reported that plumbagin ICV-streptozotocin-induced memory deficits through

activation of Nrf2/ARE in the hippocampus

(Nakhate et al., 2018) Suggested that Plumbagin improves cognitive deficits and astrogliosis in
STZ induced mouse model of AD via Nrf2/ARE mediated suppression of astrogliosis and
inhibition of P-secretase enzyme.Plumbagin inhibited APssss-induced oxidative stress by
decreasing ROS and MDA, increasing Nrf-2, haemoxygenase 1 and NAD(P)H dehydrogenase
quinone 1, and reducing NF-«xB, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase
(INOS) levels(Wang et al.,2004).

(Wang et al., 2004) Showed that plumbagin mediated the protective effect against AB25-35-
induced neurotoxicity by suppressing redox imbalance and inflammation by down regulating
NF-xB and target genes with concomitant up regulation of Nrf-2 signaling.(Yong et al.,
2013).Plumbagin ameliorates diabetic nephropathy via interruption of pathways that include

NOX4 signalingneuroprotection by plumbagin involves BDNF-TrkB-P13K/Akt and ERK1/2
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JNK pathways in isoflurane-induces neonatal rats ((Yuan et al., 2017). Plumbagin reduces EPC
migration and tube formation by regulating the PLC, Akt, ERK, NF-kB and HIF-1 signaling
pathways (Lee et al., 2019)

(Chen et al., 2018) The anti-cancer activities of plumbagin are reported to be mediated via its
ability to modulate the activity of multiple intracellular signaling proteins such as NF-xB,
AMPK, INK, PI3K/Akt/mTOR signaling pathway and Wnt/B-catenin. Chemically plumbagin is
a naphthoquinone derivative. It is also commonly found in the carnivorous plant genera Drosera
and Nepenthes. It is also a component of the black walnut drupe. Plumbagin has a hydroxyl
group on the 5t position, which have the ability to trigger autophagy via inhibition of the
Akt/mTOR pathway and which induces G2/M cell cycle arrest and apoptosis in A549 cells
through JNK dependent p53 Serl5 phosphorylation. When the m-TOR inhibition is occurs the

cell division is arrested as which will leads to prevention of rapid cell growth inside the body.

(Son et al., 2010) Suggested that Plumbagin inhibited neuronal apoptosis in a rat model of
cerebral ischemia via amplifying the anti-apoptotic (Bcl-2 and Bcl-XL) expression and
diminishing the pro-apoptic (Bad and Bax) and the cleaved caspase-3.. plumbagin increases ARE
target gene (HO-1) levels in the cerebral cortex and striatum when administered intravenously
and, when administered prior to focal ischemia/reperfusion, reduces brain cell damage and

improves functional outcome in a mouse stroke model.

(Dhingra et al., 2015) Reported that In stressed mice, plumbagin produced antidepressant effect
and increased the level of glutathione in the brain and reduce oxidative stress. A previous study
showed the neuroprotective effect of Plumbagin against isoflurane-induced neuronal damage via
ERK1/2/JINK and BDNF-trkb-PI3K/Akt pathways. Plumbagin ICV-streptozotocin-induced
memory deficits through activation of Nrf2/ARE in the hippocampus (Nakhate et al., 2018) and
carried out to reveal the neuroprotective effects of plumbagin against ICV-LPS induced
behavioral and neuronal (AshokJangra et al., 2021). In previous studies molecular docking

studies showed that plumbagin as better B-secretase inhibitor (binding energy (—10.03 kcal/mol)

(BorhadePravin et al., 2013) Plumbagin (RTK1), isolated from Plumbagorosea root extract

that inhibitshistone acetyltransferase activity potently in vivo. The root has a bitter taste and
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laxative, expectorant, stomachic, tonic, abortifacient and appetizer property. The leaves are

caustic and use in treatment of scabies.

(Son T G, et al., 2010) Revealed that treated mice with a daily intraperitoneal (i.p.) dose of
plumbagin (0.5 and 1 mg/kg) starting from 1lh prior to the first intracerebroventricularly
treatment with streptozotocin (STZ; 3 mg/kg), a molecule able to recapitulate an AD-like
condition. Plumbagin demonstrated the ability to prevent the loss of learning and memory in
mice subjected to Morris water maze (MWM). They suggested that the anti-Alzheimer’s effect
of plumbagin could be associated with activation of Nrf2/ARE signaling with consequential
suppression of astrogliosis and inhibition of BACE1. They confirmed their hypothesis with the
administration of an Nrf2/ARE inhibitor. Finally, docking studies allowed the demonstration of
the excellent binding mode of plumbagin to B and D chains of BACE1 enzyme. (Campora et
al., 2021)

* NF-xB
* Bcel-2
» Akt

» Reactive oxygen species Induces Inhibits .

* Apoptosis Plumbagin * Topoisomerase-ll
« Cell cycle arrest + STAT-3

+ Radio-sensitization * MMPs

+ uPA
+ Growth of microbes

Figure 8: Summarization of molecular-biological effects of plumbagin. (Rajalakshmi et al.,
2018)
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AIM

3. AIM AND OBJECTIVE

The aim of this study is to investigate the neuroprotective JNK3 inhibitory activity of

plumbagin and its derivatives by using insilco computational methods.

OBJECTIVE

>

YV V V V V V

To develop energetically minimized structure-based pharmacophore hypothesis for JINK3
inhibitors.

To create database for plumbagin derivatives

To screen the database with generated pharmacophore hypothesis

To perform molecular docking for obtained compounds from database screening

To compute the ADMET properties for selected HITS using Qikprop.

To enumerate the binding free energy values for selected HITS using prime MM-GBSA.
To assess the stability of the docked Protein-ligand complex using Molecular dynamics

suite of Schrodinger V7.7.
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4. PLAN OF STUDY

PHASE-1

» Review of literature
» Selection of test compounds for docking study through literature

» The techniques and the protocols required for the study were optimized
PHASE-2

» Pharmacophore hypothesis generation

» Insilico identification and screening of plumbagin derivatives with generated
pharmacophore hypothesis

» Molecular docking studies of plumbagin derivatives from the screened database.

» Preliminary ADMET properties and MM-GBSA analysis

» Molecular dynamics simulation for the selected compounds
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S. MATERIALS AND METHODS

INSILICO SCREENING:

Computational details:

Insilco simulations like protein preparation, ligand preparation, grid generation, molecular
docking, molecular mechanics were performed in Maestro 11.9.011 modeling package provided
by Schrodinger, LLC, New York, NY, 2019-1, installed in Dell Optiplex 3060 with processor
intel core 17-8700, Ubuntu 16.04 LTS, Graphics GeForce GT 730/PCle/SSE2, and 64-bit OS.
Energetically optimized structure-based Pharmacophore generation and molecular dynamics
were performed in Maestro 12.4 modeling package provided by Schrodinger, LLC, New York,
NY, 2020-2, installed in Dell precision 7820 with processor Intel Xenon(R) Gold 6130, Kernel
GNOME Version 3.28.2 CentOS Linux 7,Graphics Quadro PS000/PCLe/SSE2 and 64-bit OS.
Protein Preparation:

The crystal structure of JNK3 was taken from RCSB PDB (Protein data bank) (PDB ID: 30Y1)
Resolution 1.7A. The selected co-crystallize structure was chosen based on low inhibitory
binding activity and resolution of crystallized protein. Protein was prepared by using protein
preparation.

Protein preparation process with three steps:

Import and pre-process review and modify and refine. In processing step bond orders
were assigned, hydrogen bond is optimized, deletion of water outside from hot group creating
zero bond order for disulfide bond conversion of selenomethionines to methionines if it present
missing side chain € missing loops and in the JNK3 were identified. In the refine steps JNK3 co-
crystallize structure was analyzed and unwanted hetro groups were removed. Epik V4.0 was
used to generate possible 1onization and tautomeric states for or all hetero groups at pH 7.0 + 2.0.
The final step was done by minimizing the energy using the OPLS; force field with a default
constrained of 0.30A RMSD (or) energy minimization event was carried out to restrain the
heavy atoms of 0.30A, so that the stain can be relieved using force field OPLS3e.(Panwar et al.,
2021).

Ligand Preparation:

Based on literature review plumbagin derivatives were selected and selected ligand (or)

compounds was drawn using 2D sketcher. Ligprep was used to prepare ligand. Ligprep convert

the 2D structure to 3D energy minimized molecular structure and also generate possible
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stereoisomers, tautomers, ring conformation and possible states at physiological pH or any other
were defined pH. By default, counter ions in salts and water molecules were removed charged
groups were also neutralized by adding (or) eliminating hydrogen ions. Ionization states are
generated using Epik V4.0 at a default pH is 7.0 + 2.0. Epik yields more accurate states, because
it performs more sophisticated algorithm. Force field OPLS3e was used for energy minimization
of each compound using Macromolecule V11.8 (Kalirajan et al., 2019)

Receptor grid generation:

After ligand and protein preparation the receptor grid was generated by using the receptor
grid generation panel in GLIDE. The grid helps to define the receptor structure and determine the
position and size of the active site. Receptor grid generation is an essential step if the protein was
bounded to the ligand. In this step internal and external receptor grid boxes of 10x10x10A and
20x20x20A where defined force find energy used during the receptor grid generation was
OPLS3e. The grid box was generated by centre of bound ligand as the centroid of the grid box in
the receptor grid generation module of Glide 6.2 (Glide, Schrodinger, LL.C, and New York, NY,

USA). Ligand docking was carried out after grid generation.
Pharmacophore Hypothesis Generation

In this study, the phase module of Schrodinger was used for phamacophore hypothesis
development. PHASEV3.8 is a highly flexible system for pharmacophore perception, structure
alignment, activity prediction, and database searching. PHASE provides a built-in set of six
pharmacophore features; hydrogen bond acceptors (A), hydrogen bond donors (D), hydrophobic
groups(H), negatively ionizable groups(N), positively ionizable groups(P), and Aromatic
rings(R). Here, a crystal structure (PDB code: 30Y1) of JNK3 complexed with a known
inhibitor was employed to generate an energetically optimized structure-based pharmacophore
model. In order to get the desired efficient hypothesis, representative features with catalytic
importance were selected. After these operations, a structure-based pharmacophore model

comprising the most important pharmacophoric features will be generated. (James et al., 2021)(
Database screening

The generated e-pharmacophore hypothesis was used as a 3D query for screening the

database. The purpose of this screening was to retrieve novel and potential leads suitable for
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further development. Conformers were generated for each molecule in the database using Create
Phase database panel facilitated with ligand preparation and ligand filtering tabs which can be
used to filter the ligands based on QikProp properties, Lipinski's rule, and reactive functional
groups. The hypothesis was added to the database screen and screening was carried out using a
Phase database screen tool called Phase Ligand Screening with the screening protocol
implemented in Schrodinger having Best/Flexible search options. The retrieved compounds were
filtered and further refined based on docking scores and better interactions using molecular

docking study.
Molecular docking:

GLIDE V77 was used for Ligand receptor docking study. All the ligands were docked
within the grid-generated area of the protein structure of the JNK3. The extra precision (XP)
mode of docking was performed for the selection of top hit ligands. The core setting, constraints,
and torsional constraints were kept as a default parameter. After docking based on G-score and
docking score top scored compound were selected. The below mentioned formula is used by

GLIDE to calculate docking score
G-Score=0.05VdW+0.15coul+Lipo+H-bond+Metal+ReWard+Rot-B+Site

Were,
VAW  -Van der Waals energy,
Coul  -Coulomb energy,
Lipo  -Lipophilic contact term,
H-bond -Hydrogen bond,
Metal -Metal binding term,
ReWard -Record other penalty term,
Rot-B - The penalty for freezing rotatable bonds and
Site - The polar interaction of the active site.
The docking score consists of a sum of the Glide score, measured from the XP scoring function.

It is used for comparing different Ligands. (Singh et al., 2021)
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Molecular mechanics-generalized born surface area

MM-GBSA was carried out by PRIME module of Maestro V11.4. Prime MM-GBSA
(Molecular Mechanics/Generalized Born Model and Solvent Accessibility) was used to estimate
the ligand binding energies and ligand strain energies for the series of plumbagin derivatives
towards JNK3 using VSGB as an implicit solvent model, OPLS3e force field and other
parameters were kept unchanged. The MM/GBSA calculations are used to estimate relative
binding affinity (AG bind) of ligands to the receptor (reported in kcal/mol).The binding energy

was calculated based on the following equation.

AG=G complex (minimized)'[E ligand (minimized) + E Receptor (minimized)]

For MM-GBSA calculations, all the protein atoms were kept rigid while relaxing the atoms of

the compounds. (Shridhar Deshpande et al., 2021)
ADMET property prediction

Qikprop V5.4 tool of Maestro V11.4 ( schrodinger, LLC,NEWYORK,USA) was used to
find the preliminary ADME properties of selected ligands.Qikprop application was used to filter
the Ligands based on ADME characteristics. Qikprop gives many essential descriptors, which

play a essential role in absorption, distribution, metabolism, excretion and toxicity. (Sharma et

al., 2016)
The Qikprop predicted descriptor includes:

Rule of five- number of violations of Lipinski’s rule of five (Molecular weight <500,
QPlogPo/w<5, H-bond donor<5, H-bond acceptor<10). Number of branches of Jorgensen’s rule
of three, these defines the bioavailability of orally active drugs and include predicted aqueous
solubility QPlogS (range: -6.5 -0.5), predicted CaCo-2 cell permeability( a model for the gut
blood barrier) QPPCaCo(range:<25 poor and >500 great) and number of metabolic reactions (
range:1-8), predicted CNS activity, predicted blood brain barrier partition co-efficient log
BBB(range:-3.0 -1.2), predicted apparent MDCK cell permeability in nm/sec (<2.5 poor and
>500 greater) and predicted IC50 value for blockage of HERG K* channel (>-5.1), predicted
human oral absorption percentage in GI(+20%), should not less than25. Ligands which satistied

above mentioned properties were considered for the present study. (Singh et al., 2019)
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Molecular Dynamics

The MD simulations are carried out using DESMOND V5.2, a module of Maestro
V11.4.MD simulation stands alone as the fundamental computational tool to understand the

ligand-induced conformational changes of protein active site.
The basic steps followed in DESMOND were,

Preparation of structure for simulation

Generation of solvated system

Distribution of ions to neutralize the system
Relaxation of the system using OPLS_2005 force field
The setting of simulation parameters

Running of simulations

YV V. V V V V V

Analysis of results using Trajectory viewer

The top most ranking protein- ligand complexes was selected for 100 ns MD simulation
using DESMOND V5.7 using the force field of OPLS_2005. MD simulation was initiated with
building a model system using the system builder. SPC explicit water model and a distance of
10A orthorhombic simulation box were selected using the salvation tab. The system was
neutralized with a counter ion such as Na" and CI ion at a salt concentration of 0.15M. The
resulting model system was subjected to a 100ns MD simulation using NPT ensemble class
(pressure, temperature, constant number of particles). The resultant MD trajectory was analyzed
for the stability of complex formation using different parameters such as RMSD, RMSF, SSE,
percentage protein-ligand contacts, ligand torsion profile and compared with co-crystal

complexes. (Kumar et al., 2019)
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6. RESULTS
PROTEIN VALIDATION:

In the current docking study, we have used previously mentioned crystal structure of JNK3
protein. This protein structure (PDB ID: 30Y1) was selected based on resolution and other
statistical parameter of protein structure, such as R free, R-value. Protein was validated by
redocking experiment.In the redocking experiment, the conformation of 5-[2-(cyclohexylamino)
pyridin-4-yl]-4-naphthalen-2-yl-2-(tetrahydro-2H-pyran-4-yl)-2, 4-dihydro-3H-1, 2, 4-triazol-3-
one was successfully reproduced, close to that of co-crystallized ligand conformation (Figure
9).The redocking conformation was aligned with the original inhibitor conformation using
superposition tool to check root mean square deviation (RMSD) in order to confirm the accuracy
of docking program and it was found to be 0.957 which is less than 1 is acceptable RMSD. Extra
precision docking with receptor flexibility was used for all Glide docking runs with default
settings. The protein was prepared using the protein preparation wizard. For the active site, a grid
box centered at the ligand was used to accommodate a maximum ligand length of same as that of
workspace ligand. Default values were accepted for Van der Waals scaling and positional
constraints. Post docking minimization of ligands was also included with a default number of

poses per ligand to produce better poses of ligand to the receptor.

Figure 9: 30Y1 JNK3 protein validation-Alignment of redocked conformations.
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Figure 10: Ribbon diagram of the JNK3 protein (30Y1).
INVESTIGATION OF IMPORTANT AMINO ACID INTERACTION:

The important amino acid interactions and essential regions of the protein which is required for
the ligands effective binding and activity were analyzed by performing molecular docking.
Endogenous agonist ATP and five JNK3 inhibitors (SP600125, AS601245, CC-401,
Bentamapimod, and CC-930) were docked with the above validated JNK3 (30Y1) protein and
the common interactions were noted (Figure: 10).All the above-mentioned docking was
performed in Extra Precision (XP) mode. XP visualizer module was utilized to analyze the
docking results. The region required for the desired activity, which was shown as rewards and
the region affecting the activity, which was shown as a penalty in the XP visualizer table was
noted for effective pharmacophore feature selection. Docking score and common amino acid

interaction of reference compounds shown in Table 1.
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ATP Bentamapimod
o
&)

SP600125 CC-401
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AS601245

Results

CC-930

Figure 11: Interaction of ATP and JNK3 inhibitors with 30Y1

ATP binding

N-terminal domain

C-terminal domain

Figure 12: The N- terminal domain, C-terminal domain and activation loop

JNK3 has a typical kinase fold, with the ATP-binding site situated within a cleft between the N-

and C-terminaldomains. In contrast to other known MAP kinase structures, the ATP-binding site

of JNK3 is well ordered; the glycine-rich nucleotide-binding sequence forms a -strand—turn— [3-
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strand structure over the nucleotide. The N-terminal domain (residues 45—149and 379-400) of
JNK3 contains mostly B strands, whereas the C-terminal domain (residues 150-211 and 217—
374) is predominantly o helical. A deep cleft between the two domains comprises the ATP-
binding site, where the glycine-rich sequence (Gly71-Ser-Gly-Ala-Gln-Gly-Ile- Val78) of JNK3

forms a well-defined f -strand—turn—- strand structure over the nucleotide.

Table 1:

Summary of G-score and common amino acid residues interaction in JNK3 protein (30Y1)

JNK3 COMMON AMINO ACID NATURE OF

INHIBITORS G-SCORE RESIDUE INTERACTION INTERACTION
IN JNK3

SP600125 -7.840 MET 149 Hydrogen bond

AS601245 -9.045 MET 149 Hydrogen bond

CC-930 -10.112 MET 149 Hydrogen bond

GLN155 Hydrogen bond

Bentamapimod -7.112 MET 149 Hydrogen bond

ASP 150 Hydrogen bond

CC-401 -6.471 MET 149 Hydrogen bond

COMPOUNDS FOR HYPOTHESIS DEVELOPMENT:

From the above mentioned three JNK3 inhibitors, were selected for pharmacophore hypothesis
generation, these compounds selection based on docking score and also which is possess phase I,
II clinical development. Three compounds namely SP600125, AS601245, CC-930, was found to
have desired selectivity towards JNK3. Hence, these compounds were selected for

pharmacophore hypothesis development.
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DATABASE CREATION:

75 Plumbagin derivatives were retrieved from literature. These structures were drawn by using
2D sketcher. Database created for PLB derivatives using “CREATE PHASE DATABASE”
module. The phase database creation processes comprise two steps, ligand preparation followed
by ligand filtration. In ligand preparation, the molecules were converted from 2D chemical
structure to 3D energy minimized molecular structure, salts were removed, possible stereoisomer
and tautomers were generated as already described in Ligprep. In ligand filtration, the ligands
were filtered based on Qikprop properties, Lipinski’s rule. This phase created database was taken

for hypothesis screening. Structure activity relationship of plumbagin shown in Figure 7.

Table 2: Phase database compounds of Plumbagin derivatives and its structure

S.NO COMPOUNDS STRUCTURES OF COMPOUNDS
1 Plumbagin
2 Napabucasin
3 Beta-lapachone
4 Doxorubicin
5 Mitoxantrone
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6 Mitomycin ¢ "

7 Juglone

8 Lawsone

9 Acetyl plumbagin

10 Cyano plumbagin

11 Hydroquinonoid plumbagin

- o

12 Methyl plumbagin
P

13 Nitro plumbagin |

14 Propionate plumbagin *. -.

15 3-(5-oxohexyl) ‘

Plumbagin o O
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16 Maritinone

17 3,3’-biplumbagin

18 7,7’-biplumbagin

19 Isodiospyrin

20 Elliptinone

21 Benzoate plumbagin

22 Crotonate plumbagin

23 Isobutyrate plumbagin

24 Ethylidene 6,6’-biplumbagin
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25 Isozeylanone

26 Methylene-3,3;-biplumbagin
27 Chitranone

28 3,8’-biplumbagin

29 2,3-epoxy plumbagin

30 6-(1-ethoxyethyl)plumbagin
31 Ethylidene 3,6’ biplumbagin
32 3-chloro plumbagin

33 Plumbagin-5-o-glucoside
34 Ramenton
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35 7-methyljuglone
(Ramentaceon) o
36 Shikonin
3-(Ethyl amino)-5-methoxy-2- \| o o
37 methylnaphthalene-1,4-dione N "
\\I o v:\/
38 5-Methoxy-2-methyl-3- N
(propylamino)naphthalene-1,4- ’O
dione
39 3-(Butylamino)-5-methoxy-2- ﬁ\\
=~
methylnaphthalene-1,4-dione
40 3-(Hexylamino)-5-methoxy-2- \I\H -
methylnaphthalene-1,4-dione T~ ,‘
41 5-Methoxy-2-methyl-3- \
(octylamino)naphthalene-1,4- _ -
dione "
42 5-Methoxy-2-methyl-3-
(nonylamino)naphthalene-1,4-
(=] (=] /
dione \ *I i
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43 3-(Decylamino)-5-methoxy-2-
methylnaphthalene-1,4-dione /
44 3-(Dodecylamino)-5-methoxy- 1-\|\
methylnaphthalene-1,4-dione l\
Pe
— Q,r" —
L
L
45 (E)-5-Methoxy-2-methyl-3- 1,1
(octadec-9-enylamino)naph- H-Lj
thalene-1,4-dione L*L B
1 I
fi;”;fg
3-(Allylamino)-5-methoxy-2- \“\‘
46 methylnaphthalene-1,4-dione .
S
3-(Benzylamino)-5-methoxy-2-
47 methylnaphthalene-1,4-dione H
3-(4-Fluorobenzylamino)-5-
48 | methoxy-2-methylnaphtha-lene- © : 0
1,4-dione
5-Methoxy-3-(4- e
49 methoxybenzylamino)-2- _ -
methylnaph-thalene-1,4-dione - ‘O
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50 5-Methoxy-2-methyl-3-(4-
(trifluoromethyl)benzylamino) t
naphthalene-1,4-dione .O
51 Butyrate plumbagin /\)L
52 Cinnamate plumbagin ‘O
T
53 Crotonate plumbagin /\)LJ
54 Iodobenzoateplumbagin
55 Levulinoate plumbagin
56 5-Methoxy-2-methyl-1,4-
naphthoquinone
57 5-Ethoxy-2-methyl-1,4-
naphthoquinone
58 5-Isopropoxy-2-methyl-1,4- /* . c
naphthoquinone T
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59

6-Methyl-5,8-dioxo-5,8-
dihydronaphthalen-1-ylAcetate

60

6-Methyl-5,8-dioxo-5,8-
dihydronaphthalen-1-
ylMethanesulfonate

61

3-(Hexadecylamino)-5-
methoxy-2-methylnaphthalene-
1,4-dione

62

2-Methyl-5-(2-piperidin-1-
ylethoxy)-1,4-naphtho-quinone

63

2-Methyl-5-(2-morpholin-4-
ylethoxy)-1,4-naph-thoquinone

64

Ethyl [(6-Methyl-5,8-di-oxo-
5,8-dihydronaphthalen-1-yl)-

oxy]acetate

65

5-[2-(Dimethylamino)-ethoxy]-
2-methyl-1,4-naphthoquinone

66

5-O-propanolyloxy-2-methyl-
1,4-naphthoquinone
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67 | 5-O-hexanoyloxy-2-methyl-1,4-

naphthoquinone

68 5-O-dodecanoyloxy-2-methyl-

1,4-naphthoquinone

69 5-O-octadecanoyloxy-2-methyl-
1,4-naphthoquinone

5-0-oleoyl-2-methyl-1,4-

70 naphthoquinone (C18:1-Acyl

plumbagin, 2f)

5-O-eicosapentaenoyloxy-2-

71 methyl-1,4-naphthoquinone

5-O-docosahexaenoyloxy-2-

72 methyl-1,4-naphthoquinon

5-O-linoleoyloxy-2-methyl-1,4-
73 naphthoquinone

HYPOTHESIS GENERATION FOR THREE COMPOUNDS

Energetically optimized structure-based pharmacophore hypothesis was generated for selected
three compounds from their corresponding retrieved frames. Manual hypothesis generation
method opted in favour of selecting more desired features based on the interaction data collected

from XP-visualiser table. Preferably, the regions which were shown as rewards in the XP-
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visualiser table were selected first and other than that the features which are responsible for
producing essential interactions were also selected. The generated three hypotheses were

incorporated for database searching.

The SP600125 hypothesis contains two features including one hydrogen bond donor (D3) and

one aromatic ring (RS) which is shown in Figure 13

Figurel3: A)generated e-pharmacophore hypothesis AD and B) inter site distance between the
pharmacophoric sitesin A spheres, Orange open circle, aromatic ring (R), blue sphere with

arrow, hydrogen bond donor (D)

The AS601245 hypothesis comprises three features including), one hydrogen bond donor (D6)

and one aromatic ring (R10) which is hydrogen bond acceptors (AS)shown in Figurel4
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Figure 14: A)generated e-pharmacophore hypothesis ARD and B) inter site distance between the
pharmacophoric sitesin A spheres, pink spheres with arrow, hydrogen bond acceptor (A) Orange

open circle, aromatic ring (R), blue sphere with arrow, hydrogen bond donor (D)

The CC-930 hypothesis comprises four features including one hydrogen bond acceptor (A3), two
hydrogen bond donors (D7, D6) and one aromatic ring (R15) which is shown in FigurelS

Figure 15: A)generated e-pharmacophore hypothesis ARDD and B) inter site distance between
the pharmacophoric sites in A spheres, pink spheres with arrow, hydrogen bond acceptor (A)

Orange open circle, aromatic ring (R), blue sphere with arrow, two hydrogen bond donor (D)
DATABASE SCREENING FOR THREE HYPOTHESIS:

The generated pharmacophore hypothesis was put through database screening. Each hypothesis
was screened with phase created DATABASE. This screening experiment was carried out in
order to gain new compounds with potential inhibitory activity towards JNK3. SP600125
hypothesis was added to the phase database screen and 2 out of 2 features were fixed as
minimum matching criteria. As a result of screening, 67 compounds were obtained. AS601245
hypothesis screening was done with 3 out of 3 features as minimum matching criteria. In this, 54
compounds were received. Likewise, CC-930 hypothesis was screened separately with fixing 4

out of 4 as a minimum matching requirement. Here, 48 compounds were screened.
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MOLECULAR DOCKING:

Molecular docking is a Structure-Based Drug Designing method used to understand the
molecular interaction of ligand and target. Molecular docking study reveals binding site
topology, including the presence of clefts, cavities, sub-pockets, and electrostatic properties, such
as charge distribution. Careful analysis of molecular interaction could facilitate the design of the
ligands possessing the necessary features for efficient binding with the target receptor, thus
leading to achieve desired pharmacological and therapeutic effects. Here, Insilco molecular
docking simulation was conducted of plumbagin derivatives which were obtained from above the
hypothesis screening were taken for molecular docking inspection and their binding energies
were calculated. Glide score, Fitness score, align score binding energy, number of hydrogen
bond interactions, bond length, and amino acids involved in the interactions are shown in Table
3. 57 compounds obtained from SP600125 hypothesis, 43 compounds obtained AS601245, 22
compounds obtained from CC-930 hypothesis were docked with JNK3(30Y1) protein in the
extra precision mode (XP). Which are then filtered basis of interactions and docking score.All
the docked compounds were fit on the enzyme active site with the highest docking score in the
range of -7.740 to -10.688 kcal/mol. After interaction analysis, we found that compounds acquire
primary common interactions of MET149. Which completed the analysis of ligand binding
confirmation with accurate amino acid interactions and docking score of the screened
compounds were summarized in table 3. The final results of XP with the highest docking score

were subjected to MD simulation.
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Figure 16 : 2D and 3D interaction diagram of 5-Methoxy-2-methyl-3-(4-
(tnﬂuoromethyl)benzylammo) naphthalenel,4-dione from SP600125 hypothesis

Figure 18: 2D and 3D interaction diagram of 3-(4 'Fluorobenzylamlno) 5-methoxy-2-

methylnaphtha-lene-1,4-dione , from SP600125 hypothesis
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Figure 19: 2D and 3D interaction diagram of Plumbagin-5-o-glucoside, from AS6001245 and
CC-930 hypothesis

Figure 21: 2D and 3D interaction diagram of plumbagin from AS6001245hypothesis
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Table 3: Pharmacophore and glide docking results for best G-score compounds from

hypothesis (SP600125, AS6001245, and CC-930)

Hypothesis 1 :SP600125

S.No Compounds G-score | Align Fitness H-bond H-bond
score score | interaction | distance
1 5-Methoxy-2-methyl-3-(4- -10.522 0.88 1.16 MET149 2.09A
(trifluoromethyl)benzylamino)
naphthalenel,4-dione
2 3-(4-Fluorobenzylamino)-5- -9.241 0.54 0.43 MET149 1.95A
methoxy-2-methylnaphtha-
lene-1,4-dione
3 Chitranone -8.999 0.67 0.57 MET149 2.39A
Hypothesis 2: AS6001245
5 Plumbagin -7.740 0.67 0.36 MET149 1.71A
Shikonin -10.688 1.24 0.88 MET149 2.14A
ILE70 2.22A
6 Plumbagin-5-o-glucoside -9.046 0.58 0.93 MET149 1.99A
ILE70 1.76A
Hypothesis 3: CC-930
7 Plumbagin-5-o-glucoside -5.046 0.45 0.21 MET149 1.99A
ILE70 1.76A

No compounds were selected from CC-930 hypothesis as the compounds screened were similar

to that of those screened in other hypothesis, moreover the compounds docked in this hypothesis

have G-score very low when, compared to SP600125 and AS6001245 hypothesis.
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OVERLAP OF SELECTED COMPOUNDS WITH THEIR CORRESPONDING
PHARMACOPHORE HYPOTHESIS

Figure 22: Overlay of 5-Methoxy-2-methyl-3-(4-(trifluoromethyl)benzylamino)
naphthalenel, 4-dione with SP600125 hypothesis

Figure 23: Overlay of Shikonin with AS6001245 hypothesis
PHARMACOKINETIC PARAMETER EVALUATION:

In drug discovering the ADME profile of drug like molecules is very important and for
this purpose Schrodinger’s maestro molecular modeling Qikprop module was utilized. Qikprop

module of Schrodinger was used to analyze the drug likeness (Lipinski’s rule of five) and
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ADME (absorption, distribution, metabolism, excretion) evaluation of identified JNK3 inhibitors
and plumbagin derivatives, which demonstrated physically significant descriptors and
pharmaceutically relevant properties (ADME) of the ligand. The predicted drug likeness
descriptors such asQPPCaco, QPLog HERG, LogP MDCK, QP log BB,QP log S and percentage
of Human oral absorption were givenin Table 4.Moreover, analyzed the ADME properties of
these compounds; QPlogpo/w is the partition coefficient ranging from 0.79 to 3.94, which is
crucial for the absorption and distribution estimation of drugs within the body, while QPPCaco is
a cell permeability factor that determines the metabolism of a drug. The biological membrane
access ranges from 51.419 to 1974.752, andPredicted ICsy value for blockage of HERG K+
channels concern below -5 (range from -3.77 to -4.94).Aqueous solubility, Q log S, should be in
the range from -1.023 to -5.453.The compounds have % Human oral absorption in the scope of
50.86 to 100%.Analyzing Lipinski’s rule of five for plumbagin derivatives compounds exhibited
no violations for molecular weight, hydrogen bond donors, and acceptors.The results of ADME

studies indicate that all the compounds are within an acceptable range of Lipinski’s rule of 5.
Analysis of blood/brain partition coefficient

Blood-brain barrier is a major hindrance to delivery of drugs to central nervous system. A low
molecular weight and high degree of lipophilic molecule can cross the barrier easily. Too polar
compounds cannot cross the membrane. In insilico analysis, QP log BB and QPMDCK
parameters are used to assess the Blood—Brain partition coefficient. MDCK (Madin-Darby
canine kidney) is good representative to mimic blood—brain barrier. Hence this was used to
predict the cell permeability. Recommended range of QP log BB and QPMDCK is — 3.0 to 1.2
and < 25 (poor permeability),>500 (great permeability), respectively. Table 4 shows number of
compounds falling within the standard range of QPlogBB and QPMDCK, which is an important
precondition for a drug entering into central nervous system (CNS). The range of QP
logPMDCK are from 35.009 to 4219.862.Analysis of QPMDCK showed that compounds A,B,C
showed good permeability compared to others. Hence, these are too lipophilic and highly
permeable for MDCK cells (Table 4).

Overall, the pharmacokinetic properties of identified compounds might act as drug like
molecules. So from the results of insilco ADMET screening most of the compounds are within

the recommended values.
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Table 4: Qikprop results for reference compounds and top 5 plumbagin derivatives

S. | Compounds | QP log QP log- QPP QP log | QPPM % Human
No S HERG CaCo BB -DCK | Oral Absorption
1 Compound -5.453 -4.579 1848.9 -0.087 4219.8 100%
A
2 Compound -3.726 -4.152 276.74 -1.223 623.39 88.17%
B
3 Compound -4.208 -4.236 1974.4 -0.183 1864.6 100%
C
4 Compound -2.087 -4.652 51.419 -2.090 35.009 55.86%
D
5 Compound -3.48 -5.34 55.801 -1.824 55.854 66.45%
E
6 PLB -1.386 -3.775 481.11 -0.611 224.33 79.641%
3 5
7 SP600125 -2.85 -4.490 992.49 -0.28 490.69 95%
8 AS60125 -1.023 -4.641 618.31 -1.06 498.48 100%

Table S5: Lipinski properties of compounds using Qikprop

S.NO | COMPOUNDS | Molecular | Dipole | Donor | Accept | QlogPo/w | Rule
weight HB HB of
Five
1 Compound A 361.320 4.405 1.00 5.25 3.945 0
2 Compound B 302.326 2752 0.00 3.25 2.993 0
3 Compound C 311.312 2.509 1.00 5.25 3.104 0
4 Compound D 350.324 7.09 4.00 9.25 1.145 0

Department of Pharmacology, PSG College of Pharmacy, Coimbatore. Page 51



Results

5 Compound E 374.112 1.6 0.00 7.0 1.409 0
6 PLB 188.182 2.58 0.00 3.75 0.795 0
7 SP600125 220.230 4.28 1.0 3.0 2.50 0
8 AS60125 457.549 7.35 0.0 8.7 3.57 0

Compound A- 5-Methoxy-2-methyl-3-(4-(trifluoromethyl) benzylamino) naphthalenel, 4-dione
Compound B- Shikonin

Compound C- 3-(4-Fluorobenzylamino)-5-methoxy-2-methylnaphtha-lene-1, 4-dione
Compound D- Plumbagin-5-o-glucoside

Compound E- Chitranone

MOLECULAR MECHANICS STUDY FOR SELECTED COMPOUNDS:

The combined Molecular Mechanical/Generalized Born Surface Area (MM/GBSA) approach is
the fastest force-field based method that computes the free energy of binding from the difference
between the free energies of the protein, ligand, and the complex in solution. The MM/GBSA
method is based on the concept that the combination of molecular mechanics (MM) energies,
polar and nonpolar solvation terms, and an entropy term can correctly render an approximate free
energy of binding of a ligand to a receptor. Prime MM-GBSA approach was applied to predict
the binding free energies (AGying) of top 5 compounds identified from Glide XP docking. The
Prime MM-GBSA method was calculated by the free energy (AGbind) of the selected inhibitors
against JNK3 protein. In Glide docking, XP docking poesis and were obtained to perform MM-
GBSA calculation and this was done using surface area energy, salvation energy, and energy
minimization of the protein ligand complexes. The resulting MM-GBSA (AGbind) ranging
between -18.45 to -35.42 kcal/mol. The generated energy properties of selected compounds and
native compounds were shown in (Table: 5) Among these, we found that the specifically
screened compounds 5-Methoxy-2-methyl-3-(4-(trifluoromethyl)benzylamino)naphthalenel,4-
dione and shikonin have the highest binding free energy in the negative range -35.42 kcal/mol

and -32.13 kcal/mol relative to others, including reference compounds
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Table 6: prime MM-GBSA energy properties of selected compounds and corresponding

reference compounds

MM MM MM MM MM MM
COMPOUNDS NAMES#* GBSA |GBSA dG|GBSA dG|GBSA dG|GBSA dG| GBSA
dG  |bind lipo”| Bind H Bind bind |dG bind
bind® bond® |covalent’ [Coulomb®| VAW’
5-Methoxy-2-methyl-3-(4-
(trifluoromethyl)benzylamin -35.42 -5.64 -0.15 0.73 -11.10 -14.11
0)
naphthalenel,4-dione
Shikonin -32.13 -4.01 -0.70 0.85 -18.21 -11.31
3-(4-Fluorobenzylamino)-5-
methoxy-2-methylnaphtha- -19.68 -7.24 -0.85 4.61 -20.32 -19.74
lene-1,4-dione
Plumbagin-5-o0-glucoside -25.86 -6.39 -0.68 0.36 -10.81 -19.50
Chitranone -30.32 -6.22 -1.31 3.61 -19.86 -14.25
Plumbagin -18.45 -2.26 -0.02 1.28 -38.30 -11.75
SP600125 -27.45 -3.41 -2.31 2.44 -14.76 -12.45
AS60125 -31.52 -1.53 -0.98 4.58 -11.45 -18.67

(Energy properties were measured in Kcal/mol)

* Values:

a- Free binding energy.

b- The surface area due to lipophilic energy contribution to the binding free energy (nonpolar
contribution estimated by solvent accessible surface area).

c- Hydrogen bonding correction

d- Covalent energy contribution to the binding free energy

e- Coulomb energy contribution to the binding free energy.

Department of Pharmacology, PSG College of Pharmacy, Coimbatore. Page 53



Results

f- Vander Waals energy contribution to the binding free energy.
MOLECULAR DYNAMICS:

In order to further verify the molecular docking result and whether the new inhibitors could bind
to JNK3.The molecular dynamics simulation was carried out for the protein JNK3 with highest
docking score compounds such as 5-Methoxy-2-methyl-3-(4 (trifluoromethyl) benzylamino)
naphthalenel,4-dione and Shikonin. The protein-ligand complex was immersed in the
orthorhombic box with SPC water solvent model for simulations using OPLS3e force field. After
solvent system created, the simulations were equilibrated for 100 nanoseconds by Molecular
Dynamics application.

MD simulation was conducted to find out the stability, conformation, and intermolecular
interactions between the Ligands and active residues of the JNK3 protein over a 100-ns interval
using the Desmond package. The generated MD simulation trajectories of each complex were
subjected to specific parameters such as last pose analysis, root mean square deviation (RMSD),
root mean square fluctuation (RMSF), and protein—ligand interaction profile to understand the
bonding nature of the respective ligand at the active pocket of protein during simulation interval.
A molecular dynamics simulation study was necessary to examine the stability and dynamic

fluctuations in the ligand-protein complex under a simulated biological environment.

Protein-ligand interaction of the compounds such as 5-Methoxy-2-methyl-3-(4-
(trifluoromethyl)benzylamino) naphthalenel,4-dione and shikonin have been examined

during course of MD simulation.

PL-RMSD: protein-ligand root mean square deviation this is used to measure scalar distance for

the protein and ligand throughout the trajectory.
Protein RMSD:

The plot shows the RMSD evolution of a protein (left Y-axis). For the protein RMSD how the C-
alpha and side chain RMSD evolved over 100ns period. All protein frames are first aligned on
the reference frame backbone, and then the RMSD is calculated based on the atom selection,
monitoring the RMSD of the protein can give insights into its structural conformation throughout

the simulation. RMSD analysis can indicate if the simulation has equilibrated its fluctuations
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towards the end of the simulation are around some thermal average structure. Changes of the
order of 1-3 A are perfectly acceptable for small, globular proteins. Changes much larger than
that, however, indicate that the protein is undergoing a large conformational change during the
simulation. It is also important that your simulation converges or that the RMSD values stabilize
around a fixed value. If the RMSD of the protein is still increasing or decreasing on average at

the end of the simulation, then the simulation may be too short so a longer simulation is required.

Ligand RMSD: Ligand RMSD (right Y-axis) indicates how stable the ligand is with respect to
the protein and its binding pocket. In the above plot, 'Lig fit Prot' shows the RMSD of a ligand
when the protein-ligand complex is first aligned on the protein backbone of the reference and
then the RMSD of the ligand heavy atoms is measured. If the values observed are significantly
larger than the RMSD of the protein, then it is likely that the ligand has diffused away from its

initial binding site.

5-Methoxy-2-methyl-3-(4 (trifluoromethyl)benzylamino) naphthalenel,4-dione has better
PL-RMSD value in the range 0.5-3.5A throughout the simulation. The RMSD plot in indicated
that the compound-5-Methoxy-2-methyl-3-(4 (trifluoromethyl)benzylamino) naphthalenel 4-
dione -30Y1 complex reached its stable form at 100ns. PL-RMSD shown in (Figure 24)
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Figure 24: The RMSD plot obtained for protein-ligand complex. Blue colour indicates protein
RMSD and maroon colour indicates ligand RMSD. The Root Mean Square Deviation (RMSD)
is used to measure the average change in displacement of a selection of atoms for a particular

frame with respect to a reference frame

PL-Contacts: Protein interactions with the ligand can be monitored throughout the simulation.
These interactions can be categorized by type and summarized, as shown in the Figurel3.
Protein-ligand interactions (or 'contacts') are categorized into four types: Hydrogen Bonds,
Hydrophobic, Water Bridge and lonic interactions. Each interaction type contains more specific
subtypes, which can be explored through the 'Simulation Interactions Diagram' panel. The

stacked bar charts are normalized over the course of the trajectory.

Hydrogen bonds play a significant role in ligand binding. Consideration of hydrogen-bonding
properties in drug design is important because of their strong influence on drug specificity,
metabolization and adsorption. Hydrophobic contacts generally these type of interactions involve
a hydrophobic amino acid and an aromatic or aliphatic group on the ligand, but we have
extended this category to also include pi-Cation interactions. Water Bridges: are hydrogen-
bonded protein-ligand interactions mediated by a water molecule. The hydrogen-bond geometry

is slightly relaxed from the standard H-bond definition.
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The histogram displayed favored hydrophobic interactions with ILE70, VAL78, MET 146, ILE
124 and water bridge interactions with SER72, ASNI51, and SER193.Hydrogen bond

interaction was observed with MET149. The histogram chart was shown in (Figure: 25).
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Figure 25:histogram chart of JNK3 protein (PDB ID: 30Y1) with 5-Methoxy-2-methyl-
3-(4(trifluoromethyl)benzylamino) naphthalenel,4-dione

L-P Contacts:

Figure 26: A schematic of detailed ligand atom interactions with the protein residues.
Interactions that occur more than 30.0% of the simulation time in the selected trajectory ( 0.00
through 100.00 nsec). The residue interactions were similar to docking results. LP-contacts
displayed MET149 donate side chain hydrogen bond more than 90 percent of the time to this
oxygen in the binding pocket of 30Y1.
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Ligand-Protein Contacts
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Figure 26: The 2D diagram interaction of ligand-protein contact.

MD simulation of Shikonin with target JNK3 protein:
Protein RMSD:

The plot shows the RMSD evolution of a protein (left Y-axis). All protein frames are first
aligned on the reference frame backbone, and then the RMSD is calculated based on the atom
selection, monitoring the RMSD of the protein can give insights into its structural conformation
throughout the simulation. RMSD analysis can indicate if the simulation has equilibrated its
fluctuations towards the end of the simulation are around some thermal average structure.
Changes of the order of 1-3 A are perfectly acceptable for small, globular proteins. Changes
much larger than that, however, indicate that the protein is undergoing a large conformational
change during the simulation. It is also important that your simulation converges the RMSD
values stabilize around a fixed value. If the RMSD of the protein is still increasing or decreasing
on average at the end of the simulation, then your system has not equilibrated, and your

simulation may not be long enough for rigorous analysis.
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Ligand RMSD: Ligand RMSD (right Y-axis) indicates how stable the ligand is with respect to
the protein and its binding pocket. In the above plot, 'Lig fit Prot' shows the RMSD of a ligand
when the protein-ligand complex is first aligned on the protein backbone of the reference and
then the RMSD of the ligand heavy atoms is measured. If the values observed are significantly
larger than the RMSD of the protein, then it is likely that the ligand has diffused away from its

initial binding site.

Shikonin has better PL-RMSD value in the range 0.4- 6A throughout the simulation. The RMSD
plot in indicated that the compound- Shikonin-30Y1 complex reached its stable form at 100ns.
PL-RMSD shown in (Figure 27)
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Figure 27: The RMSD plot obtained for protein-ligand complex. Blue color indicates
protein RMSD and maroon color indicates ligand RMSD.The Root Mean Square
Deviation (RMSD) is used to measure the average change in displacement of a selection

of atoms for a particular frame with respect to a reference frame

PL-Contacts: Protein interactions with the ligand can be monitored throughout the simulation.
These interactions can be categorized by type and summarized, as shown in the Figurel3.

Protein-ligand interactions (or 'contacts') are categorized into four types: Hydrogen Bonds,
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Hydrophobic, Water Bridge and Ionic interactions. Each interaction type contains more specific
subtypes, which can be explored through the 'Simulation Interactions Diagram' panel. The
stacked bar charts are normalized over the course of the trajectory. Hydrogen bonds play a
significant role in ligand binding. Consideration of hydrogen-bonding properties in drug design
is important because of their strong influence on drug specificity, metabolization and adsorption.
Hydrophobic contacts generally these type of interactions involve a hydrophobic amino acid and
an aromatic or aliphatic group on the ligand, but we have extended this category to also include
pi-Cation interactions. Water Bridges: are hydrogen-bonded protein-ligand interactions mediated
by a water molecule. The hydrogen-bond geometry is slightly relaxed from the standard H-bond

definition.

The histogram chart displayed favored hydrophobic interactions with ILE70, MET146, VAL196,
LEU206, hydrogen bond interaction LYS93, GLU147, MET149, ASN152 and water bridge
interactions with GLU111, SER193, and ASN194. The histogram charts are shown in (Figure:
28).
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Figure 28: histogram chart of JNK3 protein (PDB ID: 30Y1) with shikonin
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L-P contacts:

Figure 29: A schematic of detailed ligand atom interactions with the protein residues.
Interactions that occur more than 30.0% of the simulation time in the selected trajectory ( 0.00
through 100.00 nsec)

Shikonin has hydroxyl group at side chain. The residue interactions were similar to docking
results. Hydroxyl group at side chain displayed water bridged interaction with two amino acids
GLU11 with 37%, LEU206 with 52% and also observed H-bond interaction with LYS93 (57%)
respectively. Hydroxyl group at g™ position displayed hydrogen bond interaction with ASN152-
(40%) and 5™ position of hydroxyl group displayed H-bond interaction with GLU147 (46%).the
lower the contact strength H-bond interaction observed with MET149 (19%) in the binding
pocket of 30Y1.

ASN
152

GLU ILE
/ O 5 OH 70
H20 R
HO\\\\. g
H20 1
Al
. VAL
£y 196
206
O= OH

A
LYS )
Al

A
MET
149

o Charged (negative) Hydrophobic Water
& Charged (positive) Polar Solvent exposure

Figure 29: The 2D diagram interaction of ligand-protein contacts.(Shikonin
with 30Y1)
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Protein validation along with known ligand (JNK3-PDB ID-30Y1)
Interaction analysis of JNK3 known inhibitors
Selection of the desired compounds for pharmacophore Hypothesis generation based on G-score
(SP600125, AS6001245, CC-930)

Hypothesis development of three compounds

' ' '

SP600125 Hypothesis AS6001245Hypothesis CC-930 Hypothesis

' } }

Database screening (Plumbagin derivatives)

XP docking l l l

57 compounds 43 compounds 22 compounds

| ! '

Docked with JNK3 for selectivity evaluation

l l l

Based on G-score and amino acid interaction top five compounds were selected

'

ADME prediction

A 4

MM-GBSA analysis

A 4

Finalised compounds 5-Methoxy-2-methyl-3-(4-(trifluoromethyl)benzylamino) naphthalenel,4-dione
from SP600125 hypothesis and shikonin from AS6001245 hypothesis

\ 4

Molecular dynamics simulation

Figure 30: Schematic illustration of the overall workflow
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7. DISCUSSION

JNK signaling pathway is a cell death pathway that controls apoptosis signaling. The JNK
pathway plays a pivotal role in cell death of several cell types and the activation of JNK3 appears
to be essential for the pathophysiology of many neurodegenerative diseases (Yamamoto et al.,

2021)

Several molecules with high specificity for JNK3 are currently in development, such as
Quinazoline, Triazolothione, and a number of Pyridopyrimidinone derivatives in particular might
be promising molecules in preventing neurodegeneration. They have shown good brain

penetration and pharmacokinetic properties (Cobos et al., 2022)

The structure of JNK3 is composed of two lobes: a smaller N-terminal lobe with 3 strands and a
larger helical C-terminal lobe. A flexible hinge-like region is connecting the two lobes. The
ATP-binding site is located in a deep cleft at the junction of the N and C lobes. Most drug
discovery efforts for JNKs have targeted this highly conserved ATP-binding region(Nguyen et
al., 2021).several JNK3 inhibitors are shown to restore anti-oxidant enzyme activity and reduce
the levels of oxidative stress-induced phosphorylation of JNK and neuroinflammatory mediators

(Zulfiqar et al., 2020)

One of the first molecules to be investigated was SP600125 (PubChem ID 8515), a pan-JNK
inhibitor with IC50 values for JNKI1, JNK2, and JNK3 of 40, 40, and 90 nM, respectively.
previous studies showed that intracerebroventricular injections of SP600125 improved AD-
related neurological aspects in animal models. SP600125 helped in understanding the role of
JNK in many physiological and pathological conditions. Tanzisertib (Celgene) (PubChem ID
11597537) is a pan-JNK inhibitor developed based on the SP600125 structure with reported
inhibition of JNK3 activity. Tanzisertib also known as CC-930, the safety of CC-930, an
antifibrotic inhibitor of JNK was recently tested in phase II clinical trials. (Messoussi et al.,
2014) Another SP600125 derivative that has been developed is CC-401 the compound entered a
phase I clinical trial to determine the optimal dosing for individuals with high-risk myeloid
leukemia, but the trial was discontinued. PG5001(bentamapimod and AS601245) is an another
orally active ATP-compititive JNK inhibitor with an IC50 of 80 nM, 90 nM, and 230 nM for

JNKI1, JNK2, and JNK3, respectively, Based on promising preliminary studies in animal models
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of autoimmune diseases and neuronal apoptosis,PGL5001 was first described to have therapeutic
potential in multiple sclerosis and fibrosis. PGL5001 is proposed as a potential first-in-class
product for the treatment of endometriosis and is currently being evaluated in a Phase 2 clinical
trial. (Palmer et al., 2016) (Hepp Rehfeldt et al., 2020),

(Joon-Hong et al., 2021) JNK inhibitors SP600125, AS601245 and CC-930 have have been
introduced and suggested to target JNK3 in neurodegenerative disease and also showing
promising results in several invitro and invivo studies. SP600125, AS601245 blocks JNK3 with
greater potency than JNK1 and JNK2. All three JNK isoforms have an ATP binding pocket with
a highly conserved sequence. (Youri et al., 2020) Thus, few compounds exhibiting high

selectivity for JNK3 have been discovered.

In the development process of JNK3 inhibitors, although JNK3 inhibitors have been researched
for many years, only few drug candidates reached clinical trials, none of them was approved (Le

fuetal., 2021)

The redocking results, we found that co-crystallized ligand also form the same hydrogen bonds
interaction with MET149. Even the related literature has reported the effect of these hydrogen
bond interactions on the inhibition. Therefore, the hydrogen bonds will be important evaluation

criteria in evaluating the interaction between newly designed compounds and target proteins.

The pharmacophore modelling approaches have been an essential part of many drug discovery
strategies.e-pharmacophore screening is viewed as a favourable approach in drug discovery to
find a new inhibitor based on the ligand’s stereo-electronic characteristics and their interactive
interaction with biological receptors. Evaluated two point, three point and four point e-
pharmacophore incorporated into pharmacophore based database screening from the phase
module. Molecular docking is a very advanced and quick method to generate the various binding
poses of ligand interaction in the active site with higher binding affinities. Docking study was
conducted to understand the binding mode of the novel JNK3 inhibitors. When we performed the
docking experiment of database compounds of plumbagin derivatives with a JNK3 protein
(30Y1), we observed many interactions that could contribute to complex stabilization. The hinge
binder formed one hydrogen bonds interaction with Met149 of JNK3 and the hydrophobic
interactions formed with residues of Met146, Val79, Vall45, Leul4d4, Ala91, 11e92, Ile124, and
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Leul28. All hydrogen bond interaction showed hydrogen bond length below 2.2A.All the
compounds showed a dock score in the range 7.7-10.6. 5-Methoxy-2-methyl-3-(4
(trifluoromethyl) benzylamino) naphthalenel,4-dione and shikonin showed highest dock score
and similar amino acid interaction compared to others and reference compounds. Prediction
ADME can be helpful in increasing the success rate and reducing the risk of failure in
subsequent stage of drug development. Lipinski rule of five predicts the drug-like properties of
chosen ligands. According to rule of five, a good drug should posses molecular weight less than
500, donor HB less than or equal to 5, acceptHB less than or equal to 10, and octonal/water
partition coefficient (QPlogPo/w) less than or equal to 5. Compounds satisfying all these
properties could be considered drug like. Bioavailbility is described by the process of drug
absorption and liver first-pass metabolism. Absorption is defined by transport of drug from the
site of application to blood stream. Low availability is the common problem of many oral form
of drugs due to poor solubility and slow absorption.Hence absorption greatly depends on
solubility and permeability of the drug (Muthiah et al., 2021). Qikprop module was used to
analyze ADME properties. The pharmacokinetic properties selected compounds are within the
acceptable range likely having drug-like nature for human use. Binding affinity was estimated
from the Glide score and the result was compared with standard drugs. Highest binding free
energy of the compounds defines a greater affinity for binding to receptor.5-Methoxy-2-methyl-
3-(4(trifluoromethyl) benzylamino) naphthalenel,4-dione and shikonin have the highest binding
free energy in the negative range -35.42 kcal/mol and -32.13 kcal/mol compared to the reference
compounds. Various structural information with conformational behaviors of the protein in the
presence of a ligand at atomic level can be investigated using a molecular dynamics simulation
approach. Simulation studies provide a detailed explanation of stability characteristics and
dynamic activities between a protein and a ligand. In molecular dynamics simulation, the
interaction and the stability of the protein—ligand complex were calculated. MD simulation was
carried out two best docking score compounds with target JNK3.The molecular docking and
molecular dynamics results implied that relevant hydrogen interactions were very important for
ligand-receptor binding, even which of them had been confirmed by the literature. The tested
molecule shows H-bond interactions with the important amino acid MET149 similar to the
reference compound, which is necessary for the inhibition of JNK3 in both docking and

dynamic studies.
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8. CONCLUSION

In the present work, rational approach combining e- pharmacophore modelling and structure-
based virtual screening was employed on the target JNK3 to identify potential JNK3
inhibitors.The pharmacophore-based approaches are well known for their strength to propose a
diverse set of molecules having diverse molecular frameworks but owing to a desired biological
activity for one target .The hits were further analyzed and ranked by using dock score, binding
energy, ADME parameters and MD simulations. Plumbagin derivatives have shown good
potential of binding with the targeted protein as indicated by AGying score. They also possessed
desired ADME properties. Thereafter, MD simulation studies were carried out two best docked
complexes.Based on the key amino acid residues interactions, molecular dynamics simulation
sindicates that the docked complex of 5-Methoxy-2-methyl-3(4(trifluoromethyl)benzylamino)
naphthalenel, 4-dione and shikonin with JNK3 protein (30Y1) have a good stability in the
binding pocket. The significant interaction with residue MET 149 was observed in both
molecular docking and molecular dynamics simulations studies. By confirm the binding
affinities of the ligand and the accurate interactions, molecular dynamics simulations valid the
results of molecular docking. The results showed that the best classified compounds 5-Methoxy-
2-methyl-3-(4(trifluoromethyl)benzylamino) naphthalenel, 4-dione and shikonin with highest
docking score and binding affinity and stable hydrogen bond with MET149 and hydrophobic
interactions with Met146, Val79, Vall45, Leul44, Ala91, 11e92, Ile124, and Leul28. relative to
reference compounds. The outcome reveal that this study provides evidence for the consideration
of plumbagin derivatives as pontential JNK3 inhibitors. Therefore, reliable computer-aided drug
design methods could play an increasingly important role in the future drug discovery process.
The Insilico studies results revealed that 5-Methoxy-2-methyl-3-(4  (trifluoromethyl)
benzylamino) naphthalenel,4-dione and Shikonin as a potent, selective JNK3 inhibitors. This
was found out by screening of generated pharmacophore hypothesis, molecular docking and
molecular dynamics study of plumbagin and its derivatives.

Further, in vitro evaluation of 5-Methoxy-2-methyl-3-(4-(trifluoromethyl) benzylamino)
naphthalenel,4-dione and Shikonin is the futuristic requirement in order to perceive additional

activity validation.
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