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Deregulation of Cdk5 is a hallmark in neurodegenerative diseases and its complex with p25 forms Cdk5/p25,
thereby causes severe neuropathological insults. Cdk5/p25 abnormally phosphorylates tau protein, and induces
tau-associated neurofibrillary tangles in neurological disorders. Therefore, the pharmacological inhibition of
Cdk5/p25 alleviates tau-associated neurological disorders. Herein, computational simulations probed two candi-
date inhibitors of Cdk5/p25. Structure-based pharmacophore investigated the essential complementary chemical
features of ATP-binding site of Cdk5 in complexwith roscovitine. Resultant pharmacophore harbored polar inter-
actions with Cys83 and Asp86 residues and non-polar interactions with Ile10, Phe80, and Lys133 residues of
Cdk5. The chemical space of selected pharmacophore was comprised of two hydrogen bond donors, one hydro-
gen bond acceptor, and three hydrophobic features. Decoy test validation of pharmacophore obtained highest
Guner-Henry score (0.88) and enrichment factor score (7.23). The screening of natural product drug-like data-
bases by validated pharmacophore retrieved 1126 compounds as candidate inhibitors of Cdk5/p25. The docking
of candidate inhibitors filtered 10 molecules with docking score N80.00 and established polar and non-polar in-
teractions with the ATP-binding site residues of Cdk5/p25. Finally, molecular dynamics simulation and binding
free energy analyses identified two candidate inhibitors of Cdk5/p25. During 30 ns simulation, the candidate in-
hibitors established b3.0 Å root mean square deviation and stable hydrogen bond interactions with the ATP-
binding site residues of Cdk5/p25. The final candidate inhibitors obtained lowest binding free energies of
−122.18 kJ/mol and− 117.26 kJ/mol with Cdk5/p25. Overall, we recommend two natural product candidate in-
hibitors to target the pharmacological inhibition of Cdk5/p25 in tau-associated neurological disorders.
© 2019 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cyclin-dependent kinases (Cdks) form protein kinase sub-family
named CMGC (cyclin-dependent kinases, mitogen-activated protein ki-
nases, glycogen synthase kinases, and Cdk-like kinases) [1]. Cdks are
proline-directed serine/threonine protein kinases and need a regulatory
subunit for activation. Human Cdks family is comprised of thirteen
member Cdks (Cdk1-Cdk13) and preferentially express during mitosis
[2]. Cdk enzymes regulate post-translational modification of proteins
by transferring a phosphate molecule from ATP to substrate(s) [3].

Despite high sequence homologywith other Cdks (~70%), Cdk5 is an
atypical member of Cdks and is activated by its co-activator either p35
or p39 [4,5]. Cdk5 expression is indispensible in developmental biology
of brain and neurons [6]. Cdk5 regulates several neuronal functions; for
instance, synaptic plasticity, pain signaling, learning and memory for-
mation, and drug addiction. Deregulation of Cdk5 induces neurodegen-
erative diseases such as Alzheimer's disease (AD), Parkinson's disease
(PD), and Hungtington's disease (HD) [7]. Previously, Cdk5-mediated
nd Structural Biotechnology. This is an open access article under the CC BY-NC-ND license
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aberrant processing of amyloid beta (Aβ) has been investigated in AD
samples [8–10]. In PD mouse models, the administration of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxin accumulated high
concentration of Cdk5/p25 complex in dopaminergic neurons and
caused neuronal death. Further, Cdk5 inhibition attenuated MPTP-
induced damages of nigrostriatal dopaminergic neurons and proposed
as an essential regulator in Parkinson's disease [11]. Another study
showed that abnormal phosphorylation of endophilin B1 by Cdk5 in-
duces autophagy in PD model [12]. In HD, deregulation of Cdk5 is asso-
ciated with striatal neuronal death and contributes to learning and
memory deficits [13,14].

Cdk5 is an attractive therapeutic target to alleviate neurotoxicity
and tau pathology in several neurodegenerative diseases [15]. For in-
stance, Cdk5 inhibition has been targeted to protect neurons in stress
condition. Chang et al. investigated that Cdk5 inhibition protects neu-
ronal death in Aβ(1–42) toxicity [16]. In another study, Tan et al.
(2015) demonstrated that P5 (a 24-residues peptide mimicking p35)
can cross blood-brain barrier (BBB) and cell membrane which is facil-
itated by twin-arginine targeting (TAT) protein. This study reported
that the administration of p5-TAT could not affect the cellular level
of Cdk5 activators (p39, p35, and p25), but abrogated tau and gluco-
corticoid receptor (GR) phosphorylation [17]. Previously, a study has
reported that (R)-roscovitine is a Cdk5 inhibitor and could efficiently
attenuate microglial proliferation in ischemic rats [18]. The same
study also described the interaction mechanisms of two other inhibi-
tors including Aloisine A and Indirubin-3′-monoxime. Dinaciclib
(SCH 727965) is another potent inhibitor of Cdks and obtained low
IC50 value (1 nM) against Cdk5 with higher inhibition activity [19].
Dinaciclib could successfully exhibit promising therapeutic index in
solid tumors, suppression of retinoblastoma phosphorylation and inhi-
bition of bromodeoxyuridine incorporation in tumor cell lines.
Sundaram et al. demonstrated selective inhibition of Cdk5 by overex-
pressing Cdk5 inhibitory peptide (CIP) and rescued neurodegenerative
pathologies caused by Cdk5/p25 hyperphosphorylation. The same
study showed that CIP-p25 tetra transgenic mice abrogated tau and
amyloid pathologies and neuroinflammation [20]. TFP5 peptide is a
24-amino acid peptide (Lys254-Ala277), which is truncated from
p35, and its intraperitoneal injection showed significant reduction of
ischemia in adult ischemic stroke rats [21]. PHA-793887 is a selective
inhibitor of Cdk5/p25 with IC50 value of 5 nM and currently entered
the Phase 1 clinical trials [22]. PHA-793887 remained potent inhibitor
in several cancer types such as human ovarian A2780, colon HCT-116
and pancreatic BX-PC3 carcinoma xenograft models.

Being a critical regulator of neurological disorders, pharmacother-
peutics of Cdk5 is very limited. The available inhibitors of Cdk5 are
mainly tested in several cancer types. Nevertheless, involvement of
Cdk5 in neurological disorders is essentially studied bymutation studies
of either Cdk5 or its co-activators [23–25]. Therefore, the identification
of novel drug-like molecules to target Cdk5/p25 is a fundamental ap-
proach to combat neurological disorders. Herein, we have exploited
the conserved interaction pattern of Cdk5 and its state-of-the-art inhib-
itor (R)-roscovitine and identified promising natural product inhibitors
of Cdk5/p25. In brief, a structure-based pharmacophore model was
designed to reflect the essential chemical space of Cdk5/p25 inhibition.
The pharmacophore model was validated by decoy test method. The
natural product drug-like databases were built from InterBioScreen
Database (IBSD) and Zinc Natural Product Database (ZNPD), and
subsequently screened by the validated pharmacophore model. Molec-
ular docking simulation was employed to identify the best docked
drug-like molecules in the ATP-binding site of Cdk5/p25. Furthermore,
molecular dynamics simulation was employed and the final candidate
hit molecules of Cdk5/p25 were filtered. Finally, MM/PBSA approach
was followed and the binding free energies of the final candidate inhib-
itors of Cdk5/p25 were identified.
2. Material and Methods

The schematic representation of pharmacophore modeling, virtual
screening, molecular docking, molecular dynamics simulation, and
binding free energy analysis is summarized in Fig. 1.

2.1. Generation of Pharmacophore Model

To get insight into Cdk5-inhibitor interaction, a pharmacophore
model was generated. The crystal structure of human Cdk5 in complex
with p25 and roscovitine was taken from protein data bank [26]. The
structure of Cdk5/p25 was prepared and the unwantedmolecules such
as salts and water were removed. Residues of Cdk5 in closed vicinity of
the (R)-roscovitine (8.0 Å) were identified by Binding and Editmodule
of Discovery Studio v4.5 (Accelrys Inc. San Diego, USA). The
roscovitine-complemented pharmacophoric features of Cdk5 residues
were identifiedbyusing InteractionGenerationprotocolofDiscoveryStu-
dio v4.5 (hereafter DS). Afterwards, the Receptor-ligand Pharmacophore
Generation tool of DS was employed and pharmacophore models were
generated. The best pharmacophoremodel was selected on the basis of
high selectivity score and compatible interactions with catalytic active
residues of the ATP-binding site of Cdk5/p25. The selectivity score clas-
sifies pharmacophore models on the basis of sensitivity and specificity
of novel ligands against the receptor, and the top-ranked models are
returned [27]. During the selectivity score determination, the generated
pharmacophoremodels areenumeratedagainst adiverse3Ddatabaseof
drug-likemolecules available inDS and the selectivity ismeasuredby in-
troducingGenetic FunctionApproximation(GFA)approach[27–29]. The
GFAmodel is built from a training set of 1544 pharmacophoremodels in
DS. The number of pharmacophoric features varies from two to eight as
per pharmacophore and each set is used to screen CapDiverse database
in DS. The GFAmodel is trained on descriptors obtained from the total
numberof features inpharmacophoremodelsand the inter-featuresdis-
tance bin values.

2.2. Validation of Pharmacophore Model

Decoy test method [30] was used to evaluate the suitability of
pharmacophore to identify Cdk5/p25 inhibitors. In brief, the already
known inhibitors of Cdk5 were collected by literature mining. The in-
hibitorswhose experimental activitieswere determined by the samebi-
ological assays were included and assigned as test set. The test set was
incorporated with inactive compounds of Cdk5, and assigned as the
decoy test set andhencewas comprised of active and inactivemolecules
of Cdk5/p25. The decoy test set was screened by the selected
pharmacophoremodel to retrieve the best-fittedmolecules. The screen-
ing was performed by Ligand Pharmacophore Mapping protocol, im-
planted in DS. The pharmacophore-retrieved molecules were used to
calculate Guner-Henry (GH) score and enrichment factor (EF) score as:

GH ¼ Ha 3AþHtð Þ½ �=4HtAf Þ 1− Ht−Hað Þ=D−A½ � ð1Þ

EF ¼ Ha=Htð Þ= A=Dð Þ½ � ð2Þ

where GH: Guner-Henry score, EF: enrichment factor, D: total number
ofmolecules in the decoy test set, A: number of Cdk5/p25 inhibitors (ac-
tivemolecules) in the decoy test set, Ha: number of Cdk5/p25 inhibitors
(active molecules) in the hit list, Ht: number of pharmacophore-
retrieved hits.

Other parameters including percent yield (%Y), false positive, and
false negative were also estimated during the validation of
pharmacophore. The GH score ranges between 0 and 1 and indicates
null and ideal models, respectively. Pharmacophore model with GH
score higher than 0.70 is considered as valid model for virtual screening



Fig. 1. Schematic representation. Structure-based pharmacophore generation, drug-like database designing and virtual screening was performed in Discovery Studio v4.5. Molecular
docking simulation was carried out through Genetic Optimization of Ligand Docking (GOLD v5.2.2) package. Molecular dynamics simulations were carried out in GROMACS v5.0.7.
g_mmpbsa is a GROMACS plugin tool and estimated the binding free energy of Cdk5/p25 and the corresponding ligand(s). RStudio v3.3.2 and LigPlot+ v1.4.5 were employed for
energy decomposition and 2D interaction pattern, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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of large databases [31,32]. The enrichment factor (EF) determines the
specificity and selectivity of the model to identify active compounds
during the screening of decoy test set. The higher the EF value the higher
will be the selectivity of the model [33–35].

2.3. Development of Drug-like Database and Virtual Screening

In this study, two natural product databases; InterBioScreen
(https://www.ibscreen.com/) and Zinc Natural Product Database
(http://zinc.docking.org/) were taken and a drug-like database was de-
veloped. Lipinski's Rule of Five (ROF) and ADMET Descriptorsmodules of
DSwere employed to evaluate the physiochemical and pharmacokinet-
ics and pharmacodynamics properties of drug-like databases,
respectively.

Subsequently, pharmacophoremodelwas utilized as a 3D query and
the drug-like database was screened by employing the Ligand
Pharmacophore Mapping protocol of DS. During screening, the search
option was assigned as Best/Flexible, while the Maximum Omitted Fea-
tures option was set to “0” to ensure the mapping of all features of the
pharmacophore.

2.4. Molecular Docking Simulation

For docking analysis, the previously well-established procedure was
followed [35–37]. In brief, the crystal structure of Cdk5/p25 (PDB ID:
1UNL) was taken from Protein Data Bank (https://www.rcsb.org/)
[26]. Prior to docking, the structure of Cdk5/p25 was cleaned and un-
wanted molecules were removed. The ligand binding coordinates of
the ATP binding site of Cdk5/p25 were calculated from the inbound li-
gand (roscovitine) by Define and Edit Binding Site module, implanted
in DS. The drug-like molecules from virtual screening were prepared
and energy minimized in DS. Finally, the docking studies were
carried out in Genetic Optimization of Ligand Docking (GOLD v5.2.2)
package [38]. GOLD uses genetic algorithm for docking and allows full
flexibility of small molecules and partial flexibility of protein during
the docking operation. During docking, the hydrogen atoms of Cdk5/
p25were replaced by Add Hydrogenmodule of GOLD package. The scor-
ing functions ChemPLP (piecewise linear potential) and ASP (astex sta-
tistical potential) were employed as default scoring and rescoring
functions, respectively [39]. ChemPLP optimizes pose prediction and
steric complementarity between protein and ligand. ASP score esti-
mates inter-atomic potential and has comparable accuracy to
Chemscore and Goldfitness scoring functions. Furthermore, the inher-
entGenetic Algorithm (GA)module of GOLD packagewas set to hundred
(100) to produce one hundred poses for each pharmacophore-retrieved
drug-like molecule. During docking, roscovitine and indirubin-3′-
monoxime (another inhibitor of Cdk5) were used as reference com-
pounds and referred as REF1 and REF2, respectively, throughout the
analysis. ChemPLP and ASP scores, clustering analysis, and hydrogen
bond interactions with catalytic active residues of Cdk5/p25 were
used as selection parameters during the docking analysis.

2.5. Molecular Dynamics Simulation

Molecular dynamics (MD) simulation was employed to understand
the mechanistic mechanism of Cdk5/p25 and candidate hit molecules
in simulated physiological environment. Simulations were performed
in Groningen Machine for Chemical Simulation (GROMACS v5.0.7)
package [40]. The parameters and coordinate files of Cdk5/p25 and can-
didate hit molecules were generated by CHARMM36m forcefield [40] in
GROMACS and SwissParam [41], respectively. Each simulation system
was prepared in octahedral box, hydrated by TIP3P water model and
neutralized by 0.1MNaCl solution. Initially, each systemwasminimized
by applying a maximum force of 10 kJ/mol to avoid steric hindrance.

https://www.ibscreen.com/
http://zinc.docking.org/
https://www.rcsb.org/
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Prior to simulation, each system was equilibrated. An NVT ensemble
(constant number of particles, volume, and temperature) was
employed at 300K for 100ps byV-rescale thermostate and temperature
was equilibrated. The pressure of each system was equilibrated at
1.0 bar by Parrinello-Rahman barostat [42]. Each equilibrated system
was simulated for 30 ns. During simulation, particle mesh ewald
(PME) was used to estimate long-range electrostatic interactions.
V-rescale thermostat and Parrinello-Rahman barostat were employed
to maintain the temperature and pressure at 300 K and 1.0 bar, respec-
tively. Bond lengths were restrained by LINCS algorithm [43].

2.6. Binding Free Energy Analysis

Estimation of the binding affinity of inhibitor(s) towards target pro-
tein plays a crucial role in computational drug designing [44]. In aque-
ous solution, the protein-ligand binding free energy is calculated as:

Gbind ¼ Gcomplex– Gprotein þ Gligand
� � ð3Þ

Herein, GROMACS plugin tool “g_mmpbsa” [45] was employed to
estimate binding free energy of the final hit molecules and Cdk5/p25.
In brief, time-equidistance conformations of Cdk5/p25 in complex
with hit molecule(s) were extracted. The representative data frames
were used and several energetic terms including polar and non-polar
factors were estimated by MM/PBSA approach [46].

Data preparation and analyses were done by Discovery Studio v4.5
(DS), GOLD v5.2.2 package, GROMACS v5.0.7, LigPlot+ v1.4.5, VisualMo-
lecular Dynamics Viewer (VMD v1.9.2), and RStudiov v3.3.2 package.

3. Results

3.1. Pharmacophore Model Generation

The crystal structure of Cdk5/p25 in complex with roscovitine
was taken from Protein Data Bank (PDB ID: 1UNL) [26]. During
pharmacophore generation, Cdk5/p25 and roscovitine were treated as
the protein and inhibitor structures, respectively. The Receptor-ligand
Pharmacophore Generation module of DS was employed and ten
pharmacophore models were generated. Chemical characterization of
each pharmacophore is given in Table 1. The resultant pharmacophores
suggested that polar and non-polar interactions are the pre-dominant
features of Cdk5/p25 inhibition (Fig. 2). Since, our results observed
that pharmacophore 1 (hereafter Pharm1) obtained highest selectivity
score of 11.22 and established key polar and non-polar interactions
with the essential residues of ATP-binding site of Cdk5/p25, therefore,
we selected Pharm1 for further analyses (Table 1).

Our results observed that Pharm1 occupied and oriented in the ATP-
binding site of Cdk5/p25. Ourmodeling studies demonstrated that polar
and non-polar interactions were pointed towards the hinge region
(Cys83 residue of Cdk5) and glycine–rich (Gly-rich) loop of Cdk5,
Table 1
Characterization of pharmacophores.

Pharmacophore summery

Pharmacophore Number of features

Pharmacophore 1 6
Pharmacophore 2 5
Pharmacophore 3 5
Pharmacophore 4 5
Pharmacophore 5 5
Pharmacophore 6 5
Pharmacophore 7 5
Pharmacophore 8 4
Pharmacophore 9 4
Pharmacophore 10 4

a Features: HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; HYP, hydrophobic.
respectively (Fig. 2A, B). Our visual inspection observed that hydrogen
bond donor and acceptor features of Pharm1 reflected polar interactions
between the catalytic residue Cys83 of Cdk5 and roscovitine (Fig. 2C, D).
An additional hydrogen bond donor was observed between the Asp86
residue of Cdk5 and roscovitine. Furthermore, a hydrophobic feature
was sequestered by a residues triad (Lys33, Phe80, and Ala31 residues
of Cdk5) and roscovitine. Another hydrophobic feature was associated
with a residues dyad (Val18 and Ile10 residues of Cdk5) and hydropho-
bic tail of roscovitine (Fig. 2C, D).

Our results observed that the chemical space of Pharm1 was
comprised of six chemical features including two hydrogen bond do-
nors, one hydrogen bond acceptor, and three hydrophobic features
(Fig. 3A). The three dimensional (3D) spatial arrangement of the chem-
ical features of Pharm1 reflected that one hydrogen bond acceptor and
one hydrogen bond donor were oriented close to each other while the
second hydrogen bond donor was distant oriented. Pharm1 suggested
that the distribution of non-polar interactions (hydrophobic features)
were quite random and covered the entire space (Fig. 3A). The inter-
features distance of Pharm1 is depicted in Fig. 3B.

3.2. Quality Assessment Test (Validation) of Pharmacophore

Pharm1was validated by employing as a 3D query to identify previ-
ously known inhibitors of Cdk5/p25 fromadecoy test set. The decoy test
set was comprised of randomly collected 453molecules, where 57mol-
ecules were incorporated as experimentally tested inhibitors of Cdk5
(Table 2).

During the decoy test set screening, Pharm1 mapped a total of 56
molecules, where 51 molecules were the active inhibitors of Cdk5
while 5 molecules were the inactive molecules of Cdk5. Our analysis
suggested that Pharm1 achieved highest GH score and EF score of 0.88
and 7.23, respectively (Table 2). Furthermore, other parameters includ-
ing percent yield, ratio of actives, and false positive and false negatives
also suggested that Pharm1preferentiallymapped Cdk5 inhibitors only.

3.3. Designing and Virtual Screening of Natural Product Drug-like
Databases by Pharm1

In computational drug designing, the physiochemical and pharma-
cokinetics and pharmacodynamics properties of chemical molecules
are strictly evaluated. The Lipinski's Rule of Five and ADMET Descriptors
modules of DS filtered 4563 and 29,183 compounds from natural prod-
uct databases IBS and ZNPD, respectively (Fig. 4).

The threshold values of parameters to evaluate the physiochemical
and pharmacokinetics and pharmacodynamics properties of the natural
product drug-likemolecules are given in supplementary table S1. Since,
our study has focused on the identification of natural product inhibitors
to target Cdk5/p25 in brain. Therefore, we have strictly followed the hy-
drophobicity of candidate molecules to penetrate blood-brain barrier
(BBB). The pharmacokinetics analysis of the final candidate hits
Featuresa Selectivity score

HBA, HBD, HBD, HYP, HYP, HYP 11.224
HBA, HBD, HBD, HYP, HYP 9.7088
HBA, HBD, HBD, HYP, HYP 9.7088
HBA, HBD, HBD, HYP, HYP 9.7088
HBD, HBD, HYP, HYP, HYP 9.7088
HBA, HBD, HYP, HYP, HYP 8.7953
HBA, HBD, HYP, HYP, HYP 8.7953
HBA, HBD, HBD, HYP 8.1940
HBA, DHB, HBD, HYP 8.1940
HBA, HBD, HBD, HYP 8.1940



Fig. 2. Generation and selection of suitable pharmacophore. A) Cdk5/p25 in complex with roscovitine was used and pharmacophores were generated. Cdk5 and p25 are shown as light
green and light orange cartoon representations. Roscovitine is depicted as green stick representation and the correspondent pharmacophore is depicted as wire mesh representation
in the ATP-binding site of Cdk5/p25. B) Represents the 3D orientation of selected pharmacophore in the ATP-binding site of Cdk5/p25. The ATP-binding site of Cdk5 is sub-divided into
Gly-rich loop, activation loop, and the hinge region. C) and D) Illustrate the mapping of each pharmacohoric feature and the corresponding residue of Cdk5. Pharmacophore-associated
residues of Cdk5 are depicted as stick representation and labeled. Roscovitine is shown as green colour stick representation and labeled as ROS. Green, magenta, and cyan colors depict
hydrogen bond acceptor, hydrogen bond donor, and hydrophobic features of the pharmacophore, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Chemical characterization of the selected pharmacophore. A) The selected pharmacophore has a total of six features including two hydrogen bond donors (HBD), one hydrogen
bond acceptor (HBA), and three hydrophobic (HYP) features. HBA, HBD, and HYP are colored as green, magenta, and cyan, respectively. B) The inter-features distance of the selected
pharmacophore is displayed in angstrom (Å). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Pharmacophore validation by decoy test method.

Number Parameter Calculated
values

1 Total number of molecules in the database (D) 453
2 Total number of active molecules of Cdk5 in the database

(A)
57

3 Total number of active molecules of Cdk5 in the retrieved
hits (Ha)

51

4 Number of retrieved hits by pharmacophore (Ht) 56
5 % Yield of actives [(Ha/Ht) × 100] 0.91
6 % Ratio of actives [(Ha/A) × 100] 0.89
7 False negative [A–Ha] 6
8 False positive [Ht – Ha] 5
9 Goodness of fit (GH) 0.88
10 Enrichment Factor (EF) 7.23
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obtained lowest BBB level of “1” as compared to the highest BBB level of
“3” for both the reference compounds. Furthermore, the ADMET-BBB
plot suggested that only the candidate hits occupied the BBB ellipses
of high penetration (Fig. S4).

Pharm1 was employed as a 3D query to screen the natural product
drug-like databases. The screening was carried out by Ligand
Pharmacophore Mappingmodule of DS with Best/Flexible parameteriza-
tions. Pharm1 retrieved a total of 155 and 1605 compounds from IBSD
and ZNPD, respectively (Fig. 4). Furthermore, a threshold fit value of
≥1.00 was used to filter the best-fitted molecules onto pharmacophore.
Finally, a total of 90 and 1036 compounds were filtered from IBSD and
ZNPD, respectively, as the best-fitted molecules for further analysis
(Fig. 4).

3.4. Understanding the Mechanistic Interactions of Candidate Inhibitors
and Cdk5/p25

Investigation of physical interaction of drugmolecule and target pro-
tein is an essential step in computational drug designing [47]. The crys-
tal structure of human Cdk5/p25was taken as the receptor (Fig. S1) and
the candidate hitmoleculeswere treated as the ligands. The docking site
Fig. 4. Designing and virtual screening of natural product drug-like databases.
InterBioScreen (IBS) and Zinc natural product database (ZNPD) were used to design a
drug-like database. Lipinski's rule of five (ROF) and absorption, distribution, metabolism,
excretion, and toxicity (ADMET) filtration evaluated 4563 and 29,183 compounds as
drug-like molecules from IBSD and ZNPD, respectively. The selected pharmacophore
was used as a 3D query and a total of 155, and 1605 drug-like molecules were retrieved
from IBSD and ZNPD, respectively. A fit value (≥ 1.00) was used and a total of 90 and
1036 natural product drug-like molecules were identified as the best-fitted molecules
on pharmacophore.
of Cdk5/p25 was traced from inbound inhibitor (roscovitine) (Fig. S1).
The docking results suggested that the reference compounds
roscovitine (REF1) and indirubin-3′-monoxime (REF2) showed 84.03
and 32.49 and 62.23 and 29.18 as ChemPLP and ASP scores, respectively
(Table 3).

Since, thedocking score of the reference compoundswere used as an
approximation, therefore, the threshold value of docking score was ad-
justed to ≥80.00 and the candidate hits were filtered (Table S2). Our re-
sults observed that only 52 candidate hit molecules from ZNPD could
successfully follow the scoring criteria. Afterwards, the clustering anal-
ysis (conformational stability) observed 23 candidate inhibitors with
cluster population N70% (Table S2). Finally, hydrogen bond (H-bond)
analysis suggested that only 10 commercially available candidate hit
molecules retained H-bonds with the catalytic active residue(s) of
Cdk5/p25 (Table S2).

3.5. Molecular Dynamics Simulation

To understand the binding mode, stability, and molecular interac-
tion pattern of the candidate hit molecules and Cdk5/p25 at simulated
physiological condition, atomistic molecular dynamics simulation was
carried out [48]. Herein, the 10 candidate molecules from docking sim-
ulation were simulated with Cdk5/p25 for 30 ns. Several parameters
were evaluated to unveil the binding pattern, stability, and behavior of
candidate hit molecules and Cdk5/p25. Among the ten candidate hits,
twomolecules (hereafter Hit1 andHit2)were identified as the best can-
didate inhibitors of Cdk5/p25. The details of simulation systems of the
reference compounds and final candidate hits are given in supplemen-
tary fig. S2 and table S3.

3.5.1. Root Mean Square Deviation (rmsd) and Potential Energy Analysis
The convergence of each simulation system at approximately 5 ns

advocates that Cdk5/p25 did not disintegrate during the simulation
and behaved smoothly (Fig. 5). The stability of each system was evalu-
ated by measuring the rmsd of alpha carbon atoms (hereafter Cα) and
backbone atoms of Cdk5/p25 throughout the simulation period. Each
system showed that the rmsd of Cα atoms obtained a steady-state
after convergence and remained b3.0 Å during the production phase
(Fig. 5A).

The rmsd analysis of the backbone atoms was also carried out to
infer the stability of the entire protein structure during the simulation
period. Our findings suggested that the structure of Cdk5/p25 remained
stable during the simulation time (Fig. 5B). The rmsd analysis of the Cα
atoms and backbone atoms of Cdk5/p25 measured little amplitude
(Fig. 5A, B). The details of minimum, maximum, and average rmsd
values of the Cα atoms and backbone atoms of Cdk5/p25 after conver-
gence are given in Supplementary Table S4.

Themeasurement of rmsd of Cdk5/p25 in complex with REF1, REF2,
Hit1, and Hit2 mimics the stability of the correspondent complex. Our
results obtained stable rmsd values for all the tested inhibitors in pro-
duction phase (Fig. 5C). Each tested inhibitor showed b3.0 Å fluctua-
tions during the production stage. Our results observed that the
average rmsd value of REF1 is less than the average values of both the
candidate hits (Table S4). But the rmsd of REF1 showed higher ampli-
tude than the candidate inhibitors (Fig. 5C). Therefore, we perceived
that the candidate inhibitors may slightly be more stable than REF1.
Table 3
Docking score analysis of REF1, REF2, Hit1 and Hit2 with Cdk5/p25.

Compound Docking score

ChemPLP ASP

REF1 84.03 32.49
REF2 62.23 29.18
Hit1 84.61 24.82
Hit2 84.20 29.69



Fig. 5. Rootmean square deviation (rmsd) and potential energy analysis. The rmsd profile of the Cα atoms of Cdk5/p25 (A) and the backbone atoms of Cdk5/p25 (B). All the systems (REF1,
REF2, Hit1, and Hit2) converged after 5 ns simulation and remained stable throughout the simulation period. C) Illustrates the rmsd profile of each candidate inhibitor (REF1, REF2, Hit1,
andHit2) in complexwith Cdk5/p25. REF1, REF2, Hit1, andHit2 showed stable rmsd (b 3.0Å) after 5 ns simulation in theATP-binding site of Cdk5/p25. D) Estimates thepotential energy of
each simulation system. Each system is represented by the presence of the corresponding inhibitor. Green, blue, magenta, and orange colors reflect the presence of REF1, REF2, Hit1, and
Hit2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The rmsd values of REF2 and both the candidate inhibitors (Hit1 and
Hit2) were quite similar in all simulation systems. The average rmsd
value of each simulated compound is given in supplementary table S4.
Furthermore, the potential energy analysis reflected the stability of all
the simulation systems (Fig. 5D). Our analysis confirmed that each sim-
ulation system obtained the lowest potential energy and remained sta-
ble throughout the simulation period. Furthermore, each inhibitor
observed almost similar potential energy and suggested their stable
binding with Cdk5/p25 (Fig. 5D).

3.5.2. Molecular Orientation and Molecular Interactions Analysis
The primary substrate binding site of Cdk5 (ATP-binding site) is di-

vided into three sub-sites including Gly-rich loop, activation loop and
the hinge region (Fig. S3). The superimposition of all representative
complexes observed that each inhibitor occupied the ATP-binding site
of Cdk5/p25 and obtained similar orientation between the Gly-rich
loop, activation loop, and hinge region (Fig. S3). A deeper insight
suggests that Lys33, Phe80, Glu81, Cys83, and Asn144 are the essential
residues to regulate the binding of ATP and facilitate the transfer of
γ-phosphate of ATP to secondary substrate(s). Since, we observed that
all the tested inhibitors occupied the ATP-binding site of Cdk5/p25.
Therefore, our study asked the binding mechanism of candidate inhibi-
tors in the ATP-binding site of Cdk5/p25. Our results observed that the
final candidate inhibitors formed stable polar and non-polar interac-
tions with the essential residues of ATP-binding site of Cdk5/p25 (Fig.
6, Table 4). The 3D and 2D interaction pattern of the reference com-
pounds and candidate inhibitors with Cdk5/p25 is shown (Fig. 6).

The molecular interaction analyses suggested that REF1 and REF2
formed stable hydrogen bond interactions with Cys83 and Asp86 and
Glu81 and Cys83 residues of Cdk5, respectively. (Fig. 6A, B). Our model-
ing results observed that Hit1 established H-bonds with Glu51, Glu81,
Cys83 and Asn144 (Fig. 6C, G). Similarly, Hit2 also formed H-bonds
with the catalytic residues Glu81 and Cys83 of the Cdk5. Additionally,
Hit2 established another hydrogen bond with Asn131 residue of Cdk5
(Fig. 6D, H). The atomic details of polar and non-polar interactions of
REF1, REF2, Hit1, and Hit2 are given in Table 4.

Furthermore, the comparative analyses of molecular interactions of
Hit1 and Hit2 in complex with Cdk5/p25 were carried out before and
after molecular dynamics simulation. Our results suggested that
the mechanism making H-bonds remained stable (Fig. S4). In parallel,
H-bond formation between the Hit1 and Asn144 also preserved before
and after simulation. But the interaction pattern of additional H-bonds
of Hit2 with Asp126 and Thr14 was changed and formed new H-bond
with Asn131 of Cdk5 (Fig. S4). We proclaim that the spatial orientation
of Asn131is close to Asp126 and Hit2 can form opportunistic H-bond
with either of the side chains of these two residues. Apart from polar in-
teractions, the hydrophobic interactions remained quite stable (Fig. S4).
Since, docking procedure is very limited in terms of simulated physio-
logical environment and produce small number of conformers. There-
fore, we relied on molecular dynamics simulation which is more
reliable and accurate approach to investigate molecular interaction
pattern.

3.5.3. Hydrogen Bonds (H-bonds) Analysis
Furthermore, we asked the pattern of hydrogen bonds between

the ligands and Cdk5/p25. Our results observed that the total number
of H-bonds remained higher for Hit1 and Hit2 (Fig. 7).

The comparative analysis of our results suggested that the average
number of H-bonds of REF1 and REF2 with Cdk5/p25 remained two,
while Hit1 and Hit2 established an average of four and three H-bonds
with Cdk5/p25, respectively (Fig. 7). To address the question of slightly
higher number of H-bonds by Hit1 and Hit2 proclaimed that non-
catalytic residues of the ATP-binding site of Cdk5 are involved in inhib-
itors binding. Our results showed that Glu51 and Asn144 of Cdk5
formed additional H-bonds with Hit1. In parallel, the Asn131 residue
of Cdk5 formed an additional H-bondwithHit2 (Fig. 7B-D). Intriguingly,



Fig. 6. 3D and 2Dmolecular interaction pattern of the REF1, REF2, Hit1, and Hit2 with Cdk5/p25. Upper panel (A-D) displayed the 3D interaction representation of the REF1 (A), REF2 (B),
Hit1 (C), and Hit2 (D) with Cdk5/p25. Cdk5/p25 is shown as thin wire representation. Hydrogen bond (H-bond) forming residues are shown as sticks and labeled. REF1, REF2, Hit1, and
Hit2 are represented as green, blue, magenta, and orange stick models, respectively. Hydrogen bonds are represented as black colored dashed lines. Lower panel portrayed the 2D
interaction pattern of the REF1 (E), REF2 (F), Hit1 (G), and Hit2 (H) with Cdk5/p25. Hydrogen bond forming residues of Cdk5 are labeled as green colour and H-bonds are depicted as
green colored dashed lines with bond distance in angstrom (Å). Van der Waals and other hydrophobic interactions are represented as hemi-spheres and labeled. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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our results identified that during the entire simulation period, Hit1 and
Hit2 formed slightly stable H-bonds with Glu81 and Asn144, and
Asn131, respectively (Fig. 7B-D). In prallel, Hit1 also formed consistent
H-bond with Glu51 of the ATP-binding site of Cdk5/p25 (Fig. 7C).
Table 4
Molecular interactions of the REF1, REF2, Hit1, and Hit2 with Cdk5/p25.

Compound Hydrogen bonds (≤ 3.5 Å) Non-polar interactions

Amino
acid

Amino
acid
atom

Ligand
atom

Distance
(Å)

REF1 Cys83 O N19 3.02 Ile10, Glu12, Ala31, Phe80,
Phe82, Asp84, Leu133, Ala143Asp86 OD2 O1 2.73

REF2 Glu81 O N12 2.67 Ala31, Lys33, Val64, Phe80,
Phe82, Asp84, Gln85, Asp86,
Leu133, Asn144

Cys83 N O19 2.73

Hit1 Glu51 OE1 O17 2.91 Ile10, Gly11, Glu12, Val18,
Ala31, Leu55, Phe80, Phe82,
Asp84, Gln85, Leu133,
Phe145

Glu81 O O20 2.65
Cys83 N O20 2.92
Asn144 N O17 2.98

Hit2 Glu81 O O35 2.60 Ile10, Glu12, Gly13, Thr14,
Val18, Ala31, Phe80, Phe82,
Asp84, Gln85, Leu133,
Asn144

Cys83 N O35 2.91
Asn131 OD1 O34 2.71
3.6. Binding Free Energy Analysis

Binding free energies were calculated to understand the affinity of
candidate inhibitors towards Cdk5/p25. The comparative analyses sug-
gested that Hit1 and Hit2 obtained average binding free energy of
−122.18 kJ/mol and − 117.26 kJ/mol, respectively (Fig. 8, Table 5). In
contrast, the average values of binding free energy for REF1 and REF2
were estimated as −113.10 kJ/mol and − 111.77 kJ/mol, respectively
(Fig. 8, Table 5).

The decomposition of binding free energy showed that both polar
and non-polar interactions participated in the inhibition of Cdk5/p25
(Fig. 8B). Among different energy components, van der Waals and
polar solvation energies remained differential factors to contribute to
binding affinity of the candidate inhibitors (Fig. 8B, Table 5). The aver-
age values of binding free energies of the reference compounds and can-
didate inhibitors are given in Table 5. Finally, the 2D structures of the
final candidate inhibitors of the Cdk5/p25 are shown in Fig. 9.

Furthermore, an extensive literatureminingwas performed through
the SciFinder [49] and Reaxys [50] servers and found that the newly
identified compounds were not already evaluated against the Cdk5/
p25. Therefore, we recommend thefinal hit compounds as novel natural
product candidate inhibitors of Cdk5/p25 to attenuate tau-associated
neurological disorders.



Fig. 7. Hydrogen bonds (H-bonds) analysis. A) Total number of H-bonds of REF1 (green), REF2 (blue), Hit1 (magenta), and Hit2 (Orange) with Cdk5/p25. Hit1 and Hit2 obtained higher
number of H-bondswith Cdk5/p25. B) Reflects the consistency ofH-bonds between the Asn144 residue of Cdk5 andHit1. C) Represents that Glu51 of Cdk5 formed consistent H-bondwith
Hit1. D) Portrays the consistency of H-bond of Asn131 of Cdk5 and Hit2. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this
article.)
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4. Discussion

Cyclin-dependent kinase 5 (Cdk5) is a vital kinase and essentially
regulates neuronal development and physiology. In several neurological
disorders, Cdk5 has been found to be abnormally activated upon its
complex formation with p25– a proteolytic product of p35 [51]. Since,
hyperactivated Cdk5/p25 abnormally phosphorylates tau and neurofil-
ament proteins (NF-M/H), thereby inducing neurofibrillary tangles
Fig. 8. Binding free energy analysis. A) g_mmpbsa calculated the binding free energies of REF1, R
slightly low binding free energies than REF1 and REF2. The binding free energy of Cdk5/p25
respectively. B) Energy decomposition analysis showed that Van der Waals (VdW) and polar
Hit2. Coloring scheme: REF1, Green; REF2, Blue, Hit1, Magenta; and Hit2, Orange. Energy dec
energy; SASA, Solvent accessible surface area energy; BFE, Binding free energy. (For interpre
version of this article.)
(NFTs) formation and eventually results in neuronal cell death [52,53].
Therefore, the pharmacological inhibition of Cdk5/p25 has been
targeted to alleviate Cdk5/p25-mediated induction of neurofibrillary
tangles and neurofilament formation in neurological disorders
[20]. Our study has employed structure-based drug designing and
probed novel natural product inhibitors of Cdk5/p25. Herein, the
chemical hotspots of Cdk5-roscovitine were transformed into a 3D
pharmacophore by Receptor-ligand Pharmacophore module of DS.
EF2, Hit1, and Hit2 with Cdk5/p25 throughout the simulation time. Hit1 and Hit2 showed
with REF1, REF2, Hit1, and Hit2 has been depicted as green, blue, magenta, and orange,
solvation energies (PSE) played differential roles in the binding free energies of Hit1 and
omposition factors: VdW, Van der Waals; Elec, Electrostatic energy; PSE, Polar solvation
tation of the references to colour in this figure legend, the reader is referred to the web



Table 5
Analysis of binding free energy and decomposition factors of REF1, REF2, Hit1, and Hit2.

Inhibitor Energy decomposition factors (kJ/mol) Binding free energy
(kJ/mol)

VdWa Elecb PSEc SASAd

REF1 −171.37 −40.60 117.77 −18.89 −113.10
REF2 −149.81 −41.06 93.38 −14.06 −111.77
Hit1 −181.63 −66.71 147.56 −21.41 −122.18
Hit2 −194.82 −42.15 143.01 −23.29 −117.26

a Van der Waals energy.
b Electrostatic energy.
c Polar solvation energy.
d Solvent accessible surface area energy.
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Upon high selectivity score [54] and compatible interactions with cata-
lytic active residues of Cdk5, the top-ranked pharmacophore was se-
lected. The correspondent pharmacophore was comprised of six
features including two hydrogen bond donors, one hydrogen bond ac-
ceptor and three hydrophobic features. The complementation analyses
of the pharmacophoric features showed that closely oriented polar fea-
tures comprising hydrogen bond donor and hydrogen bond acceptor
are pointed towards the carboxyl oxygen and amino group of cysteine
83 (Cys83), respectively. It has already been reported that roscovitine,
alosine A, and indirubin-3′-monoxime form polar interactions with
the amide group and/or carboxyl group of the Cys83 residue of Cdk5
[26]. Our findings followed Ahn et al. that Cys83 of Cdk5 forms polar in-
teractions with an ATP analogue inhibitor [55]. Our results observed
that the third polar interaction feature (hydrogen bond donor) was
complemented to carbonyl group of Asp86 of Cdk5. In parallel,
Malmstrom et al. reported that 4-(1,3-benzothiazol-2-yl)-thiophene-
2-sulfonamides forms polar interactions (H-bonds) with the carbonyl
group of Asp86 of Cdk5 [56]. Our results observed that the three hydro-
phobic features of the selected pharmacophore established non-polar
interactions with Lys33, Phe80, Ile10, and Val18. Previously, hydropho-
bic interactions have shown to play a critical role in the pharmacological
inhibition of Cdk5 [26,55,56]. Therefore, we argued that the resultant
pharmacophore is a suitable choice to use as a 3D query in virtual
screening of the drug-like database for the identification of candidate
inhibitors of Cdk5. The selected pharmacophore obtained highest GH
and EF scores of 0.88 and 7.23, respectively, which validates its suitabil-
ity in virtual screening practices [34,35]. Since, drug-like molecules are
restricted to certain chemical properties such as physiochemical and
pharmacokinetics and pharmacodynamics properties. Therefore, we
set the blood-brain barrier (BBB) level to ≤2with an intention to identify
candidate molecules that can penetrate BBB and could target Cdk5/p25
in brain. ADMET-Blood Brain Barrier (ADMET-BBB) is a well-calibrated
model in DS to predict blood-brain barrier penetration at 95% and 99%
Fig. 9. The 2D structures of final candidate inhibitors of Cdk5/p25. The atomic compositions of
well-fitted with the ATP-binding site of Cdk5/p25.
confidence ellipses and is derived over 800 compounds with known
blood-brain barrier penetration values after oral administration [57].
This model evaluates a query molecule in one of the four prediction
levels such as “level 0” (very high penetration), “level 1” (High penetra-
tion), “level 2” (medium penetration), “level 3” low penetration and
“level 4” (undefined). Since, the evaluation of our candidate hits by
ADMET-BBB model obtained level 1, therefore, we strongly proclaim
that the candidate hits harbor enough hydrophobicity to penetrate the
blood-brain barrier and could target Cdk5/p25 in brain.

The mechanistic studies of the pharmacophore-retrieved candidate
molecules and Cdk5/p25 were carried out by docking. Several filters
such as docking score ≥ 80.00, conformational stability, inhibitory mo-
lecular interactions with Cdk5/p25 and commercial availability of the
candidate molecules were employed to identify the true positive candi-
date hit molecules of Cdk5/p25. Molecular docking studies obtained a
total of 10 candidate molecules to inhibit Cdk5/p25. Since, molecular
docking does not provide simulated physiological environment and
real-time behavior of the drug-receptor interaction; therefore, molecu-
lar dynamics (MD) simulation was employed to identify the true posi-
tive inhibitors of Cdk5/p25 [35,36,58]. The root mean square deviation
(rmsd) analysis is a key factor to evaluate the stability and successful ex-
ecution ofMD simulation [34,35,58]. Our results suggested that thefinal
candidate inhibitors showed stable rmsd of the alpha carbon atoms (Cα)
of Cdk5/p25, the backbone atoms of Cdk5/p25, and the Cdk5/p25 in
complexwith candidate inhibitors. Potential energy estimation is an es-
sential component of molecular dynamics simulation analysis [34,35].
Our results estimated the lowest potential energy and confirmed that
each simulation system behaved stable during the entire simulation
period.

In computational drug designing, investigation of molecular interac-
tions of drug-receptor complex is a pre-requisite to predict the binding
mechanism of drugmolecule. Our results suggested that the final candi-
datemolecules formed polar interactions (H-bonds)with Cys83 residue
of the ATP-binding site of Cdk5/p25.We argued that the similar binding
pattern of Cdk5 inhibitors has already been reported [26,55,56]. Addi-
tionally, our results observed that the final candidate inhibitors formed
hydrogen bonds with Glu81 of the Cdk5, which has already been re-
ported that the ATP analogue inhibitor of Cdk5 forms hydrogen bond
with Glu81 of the Cdk5 [55]. Likewise, the inspection of non-polar inter-
actions between the candidate inhibitors and Cdk5/p25 suggested that
Ile10, Val18, Phe80, Phe82, and Ile133 are the predominant residues to
participate in inhibitors binding [26,55,56]. Finally, the binding free
energy analyses affirmed that the candidate inhibitors showed higher
affinity towards Cdk5/p25. The energy decomposition analysis sug-
gested that both polar and non-polar interactions actively participated
in the binding of candidate inhibitors and Cdk5/p25. Since, the
both the structures are rich in oxygen contents and have extended conformation which is
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candidate hit molecules are rich in oxygen contents and presents ex-
tended polymers of carbon atoms. Therefore, we proclaim that the dif-
ferential factors of binding affinity of the candidate hit molecules with
Cdk5/p25 may attribute to van der Waals and polar solvation energies.
Overall, our study recommends a detailed account of structure-based
drug designing and unveils the binding mechanism of novel natural
product inhibitors of Cdk5/p25, thereby extending the interaction pat-
tern of Cdk5/p25-inhibitor complex. Finally, we recommend two natu-
ral product candidate inhibitors of Cdk5/p25 as additional platforms to
extend chemical space for the development of promising inhibitors of
Cdk5/p25 in neurological disorders.

5. Conclusion

The abnormal hyperphosphorylation of tau protein by Cdk5/p25
results in neurological insults, thereby inducing neurofibrillary
tangles (NFTs) formation, neuroinflammation, and neuronal death. To
this end, the pharmacological inhibition of Cdk5/p25 abrogates
tau-associated neurological disorders. Our study has employed compu-
tational simulations and identified two natural products as candidate
inhibitors of Cdk5/p25 to attenuate tau-pathogenesis in neurological
disorders. The molecular interactions information of Cdk5/p25 with
Roscovitine was transformed into a 3D chemical space and a
structure-based pharmacophore was designed and validated. Drug-
like databases were designed from IBSD and ZNPD, screened by
pharmacophore, and the candidate inhibitors of Cdk5/p25 were
retrieved. Molecular docking followed by molecular dynamics simula-
tion and binding free energy analysis identified two novel candidate
inhibitors of Cdk5/p25. The candidate inhibitors occupied the ATP-
binding site of Cdk5/p25, obtained stable root mean square deviation
(rmsd) value and established hydrogen bonds with Cys83, Glu81, and
eitherwith Asn144 or Asn131. Furthermore, the newly identified candi-
date inhibitors showed higher affinity towards Cdk5/p25 in terms of
binding free energy. Finally, we recommend these candidate inhibitors
as fundamental platforms to attenuate Cdk5/p25-mediated tau patho-
genesis in neurological disorders.
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