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ABSTRACT: Cyclic adenosine monophosphate (cAMP) dependent protein
kinase plays a major role in cell signaling pathway. Over expression of
extracellular cAMP dependent protein kinase catalytic subunit caused
tumorgenesis in prostate. This protein may provide a base for the design of
clinically applicable therapeutic strategies. In order to develop potential inhibitor
of cAMP dependent protein kinase catalytic subunit, a high throughput virtual
screening of zinc natural compounds database was conducted. Furthermore,
QikProp, ADMET predictor and MM-GBSA was performed for ADME
(Absorption, Distribution, Metabolism and Elimination), toxicity and binding
energy prediction for ligands, respectively. Finally, molecular dynamics
simulation was performed to get potential inhibitor. The crystal structure of
cAMP dependent protein kinase was used for current study. The entire library of
natural compounds was screened using HTVS for the primary level of screening.
The binding of the compounds was studied using standard precision followed by
Extra Precision algorithm of Glide Docking. On the basis of docking scores top
ten hit compounds were selected for further analysis. The Binding affinity was
further calculated using MMGBSA. The interaction studies using molecular
docking and MMGBSA revealed significant docking scores and dG bind.
Molecular dynamic simulation studies of zinc0B511410-protein complex for 50
ns shows the stability of system. Further experimental evaluation of the lead
compounds can prove their potential as a therapeutic inhibitor.

INTRODUCTION: Various signal transduction
pathways remain involved in the regulation of cell
growth. The most important reversible mechanism
for triggering or inhibiting the activity of specific
proteins in a signalling pathway is phosphorylation.
A large and diverse family of enzymes, protein
kinases play a critical role in eukaryotic signal
transduction 1.
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Protein substrates and protein kinases are toggled
between active and inactive conformational states
according to their state of phosphorylation 2 one of
the simple and better-characterized members of the
protein kinase family is cyclic adenosine
monophosphate (cAMP) dependent protein kinase
(PKA.) PKA exists as a heterotetramer in the
inactive state, with a dimeric regulatory (R) subunit
and two catalytic (C) subunits. Upon binding
cAMP, the C subunits are released from the R
subunits to interact with protein substrates. The
catalytic core of the C subunit is conserved among
family members and contains the basic features for
binding ATP and protein substrate and for
catalyzing phosphoryl transfer 3.
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Conformational change is a common mechanism
for kinases to orient a phosphoryl leaving group
and to eliminate water from the active site 4.
Defective regulation of PKA holoenzyme activity
is directly related to the progression of cancers 5.
Experimental studies revealed that over expression
of cAMP dependent protein kinase catalytic subunit
(PKACA) causes severe tumorgenesis in prostate
and other cancers 6, 7. Prostate cancer is the most
commonly occurring form of cancer in western
men, and the second leading cause of death due to
cancer 8. Prostate cancer therapies which are used
these days have lots of side effects on human
health. Natural compounds can be used as effective
molecules in prostate cancer therapy to avoid the
side effect.
Therefore, PKACA is being used as a drug target
for various cancers. Few inhibitors of PKACA are
under clinical trials. As drug discovery process is
very expensive and time consuming process, in
silico studies provide a cost effective platform for
discovery of effective molecules. The present study
was carried out to the discover the natural
compounds for PKACA inhibition using high
throughput virtual screening and molecular
dynamics simulations technique.
MATERIAL AND METHODS:
Protein preparation and structure refinement:
X-ray crystal structures for the PKACA
(3AGM.pdb) with resolution of 2.0 Å was
downloaded from Protein Data Bank 9. Protein
structure was prepared employing Protein
Preparation Wizard of the Schrodinger Suite 10 to
ensure the quality and reliability of the structure. In
the protein preparation missing atoms/residues,
steric clashes and format errors were checked.
Determination of bond orders, partial charges/
protonation states and missing connectivity
information were determined. Hydrogens were
added, water molecules were removed, hydrogen
bonds were optimized, disulphide bonds were
created, misoriented groups were fixed and protein
energy
minimization
was
done.
Protein
optimization and minimization was done using
OPLS
(Optimized
Potentials
for
Liquid
Simulations) 2005 force field.
High throughput virtual screening: zinc biogenic
compounds (Zbc), a commercially available
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primary and secondary metabolite database,
originally includes 189466 compounds was used
for high throughput virtual screening (HTVS).
OPLS 2005 force field 11 was applied for database
preparations Zbc compounds have been used to
identify the mitogen activated protein kinase
inhibitors 12. The entire database of the zinc
compounds was prepared by using LigPrep 3.5
module before the docking to obtain different
stereochemical,
tautomeric,
and
ionization
conformer with minimum energy state of the
ligands 13, 14.
In order to avoid excessive runtimes for high
throughput virtual screening (HTVS) against entire
database, prepared compounds were filtered on the
basis of their drug-likeness properties, in terms of
pharmacokinetic properties and, in terms of
reactive functional groups to screen out unwanted
compounds. Filtered database was subjected for the
stepwise HTVS, followed by standard precision
(SP) and extra precision (XP) docking using Glide.
Prior to the HTVS, receptor grid was generated
using Glide 6.8 module 15.
The prepared 3D structure of the target protein was
used to generate the glide scoring grid for the
successive docking calculations. Pharmacokinetic,
ADME (absorption, distribution, metabolism and
excretion) properties were calculated using
Qikprop 4.5 module 16. In general, the ADME
descriptors are calculated at the last stage of the
drug discovery process, but in the present study, the
ADME properties calculations were performed in
the preliminary stage to save the time as well as to
curtail the cost involved in the process.
Binding free energy calculation: Generally, the
calculations of binding energy are termed to be
accurate when compared to the docking energy
calculations 17. Therefore, in the present study, the
MMGBSA algorithm in the Prime 4.1 module was
employed to determine the binding energy of XP
docked compounds 18. The equation for the binding
energy calculation is:
Gbind = ΔE + ΔGsolv + Δ GSA
where, ΔE = Ecomplex – Eprotein – Eligand
Above, Ecomplex, Eprotein and Eligand and shows the
minimized energy values of the protein−ligand
complex, protein only, and ligand only,
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respectively. The electrostatic solvation energy of
the complex is represented as ΔGsolv. Similarly,
the nonpolar contribution by the surface area to the
solvation energy is represented as ΔGSA.
Molecular dynamics simulation: MD simulations
were performed to obtain the most stable
conformation of PKACA and ligand complex. Prior
to MD simulation, XP docked complexes were
prepared by protein preparation wizard in the same
manner as prepared earlier for the virtual screening.
Desmond 3.1 MD package was employed for MD
simulations using OPLS-AA (All-Atom) force field
parameters 19. To immerse the prepared complex a
truncated orthorhombic box of SPC water
molecules was used, and the space between the
peptide atoms and the boundary of the water box
was not less than 10.0 Å. System was neutralized
by adding Na+ ions.
Before the simulation, system was optimized in
2000 steps with constraints on heavy atoms in the
system; this was followed by 2000 steps of full
minimization without any constraints to remove
bad contacts. Electrostatic interactions were
calculated using Particle Mesh Ewald method, with
a 10 Å cutoff in real space. Finally, 100 ns MD
simulation in the isothermal-isobaric ensemble (the
number of particles, the pressure, and temperature
[NPT]) was carried out to adjust the pressure of the
system. Nose- Hover chain thermostat and
Martyna-Tobias-Klein barostat were used to
maintain the system. A Langevin thermostat, with a
collision frequency of 1.0 ps-1 was used to sustain
the temperature at 300 K. The pressure was
maintained at 1 atm using isotropic pressure
coupling, with a relaxation time of 2 ps. MD
simulation used a time step of 2 fs, and all covalent
bonds involving hydrogen atoms were constrained
with the SHAKE algorithm 20-22. The coordinates of
trajectories were saved every 10 ps during MD
simulations.
RESULTS AND DISCUSSION:
High throughput virtual screening: The
structure-based virtual screening is highly accepted
for the identification of novel compounds. In this
study, HTVS protocol was applied on zinc
compounds to identify the PKACA inhibitors.
Molecular possessing of useless compounds and
generation of false-positives was avoided by
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calculating the pharmacokinetic properties. OPLS2005 force field was applied to optimize the
compounds. In addition, Lipinski rule of five was
calculated applying cut-off range of the removal of
the outliers 23. After the filtration with defined
criteria the prepared zinc database was compressed
to 164530 compounds, which were then subjected
to a stepwise HTVS protocol, followed by SP and
XP docking to calculate the Glide score and Glide
energy 24. Fig. 1 illustrates the 2D conformation of
the ligands with the top-ten highest scores obtained
after XP docking. The docking studies indicated
that all top-ten hit compounds binds with the best
efficacy with active site of receptor. MM/GBSA
score analysis was performed to determine the
binding efficiency using the pose viewer file of the
protein-ligand complex generated from XP
docking.
Out of all the ten hit compounds, zinc0B511410
showed the best dG binding (-96.776 kcal/mol)
along with good glide score (-10.165 kcal/mol) and
low glide energy (-88.207 kcal/mol) (Table 1). The
interaction study reveals that good binding affinity
was due to hydrogen bonding and hydrophobic
interactions. Fig. 2 shows the one hydrogen bond
was forming between the zinc08511410 and Phe 54
of receptor. Phe 34, Leu 49, Val 57, Ala 70, Leu
74, Val 104, Met 120, Tyr 122, Val 123, Leu 173
and Phe 327 showed a strong hydrophobic
interaction suggesting the strong ligand-protein
interaction.

FIG. 1: REPRESENTING TOP 10 HIT COMPOUNDS
OBTAINED FROM VIRTUAL SCREENING, 2D
STRUCTURES AND THEIR CORRESPONDING ZINC
IDs
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acceptable range for a drug with
pharmacokinetic properties (Table 2).

FIG. 2: 2D-INTERACTION MAP OF cAMP
DEPENDENT PROTEIN KINASE CATALYTIC
SUBUNIT OBTAINED THROUGH XP DOCKING OF
ZINC08511410.
TABLE 1: TOP-10 HIT COMPOUNDS OBTAINED
FROM VIRTUAL SCREENING AGAINST cAMP
DEPENDENT PROTEIN KINASE CATALYTIC
SUBUNIT ALONG WITH dG BINDING, DOCKING
SCORE AND GLIDE ENERGY
Title
MM/GBSA
G-score
glide
dG bind
(kcal/mol)
energy
(kcal/mol)
zinc08511410
-96.776
-10.165
-88.207
zinc31168056
-95.893
-10.549
-76.875
zinc02120079
-92.365
-9.901
-76.052
zinc12296770
-90.805
-9.893
-91.935
zinc62001663
-87.227
-10.255
-101.822
zinc02007885
-86.605
-10.526
-88.579
zinc08511405
-86.429
-9.523
-89.938
zinc12603816
-85.43
-9.814
-83.448
zinc04222191
-84.735
-9.627
-85.417
zinc03470954
-82.841
-9.58
-81.176

In
silico
pharmacokinetic
evaluation:
Pharmacokinetic properties which are critical for
estimation of absorption and distribution of drugs
within the body, drug metabolism and its access to
biological membranes were predicted by QikProp.
Molecular weight, violations of the Lipinski's rule
of five (LROF) hydrogen bond donors, hydrogen
bond acceptors, water solubility (QPlogS), logP
(water/octanol), permeability through Madin-Darb
y Canine Kidney Cells (QPlogMDCK), Qik Prop
predicted log IC50 value for blockage of K+
channels (QPlogHERG), QikProp predicted gutblood
barrier
(QPPCaco),
water partition
coefficient (QPlogPo/w), were calculated. All these
values for zinc08511410 were well within the

good

TABLE 2: PHARMACOKINETIC PROPERTIES OF
ZINC08511410
Properties
Values
QPlogPw
13.056
% Human Oral Absorption
92.023
QPlogHERG
-6.234
QPlogPo/w
3.175
CNS
-2
QPlogBB
-1.358
QPPMDCK
181.567
donorHB
2
accptHB
7.2
QPlogS
-5.373
mol MW
391.423
QPPCaco
395.604
LROF
0

Protein−ligand complex simulation: The dynamic
properties of zinc0B511410-system were analysed
by molecular dynamics simulation studies for 50
ns. zinc0B511410-cAMP dependent protein kinase
catalytic subunit complex having best MM/GBSA
score was considered for the simulation study. The
system was monitored using the root mean-square
deviation (RMSD) values of C-alpha atoms. Fig. 3
shows the RMSD values of zinc0B511410 system
for 50 ns MD simulation.

FIG. 3: ILLUSTRATING RMSD PLOT OBTAINED
FROM 50 NS MD SIMULATION RUN. X AND Y AXES
REPRESENT TIME (NS), AND ROOT MEAN SQUARE
DEVIATION (RMSD), RESPECTIVELY

Trajectories analysis revealed that zinc0B134104
system was stable and well within the binding
pocket of cAMP dependent protein kinase catalytic
subunit. Lower root mean-square fluctuation
(RMSF) values were depicted by the residues of the
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active site and alpha helix regions, suggested the
stability of the regions (Fig. 4). The energy of the
system was relatively consistent during 50 ns MD
simulations run.
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maintain the stability of the system which shows
that this complex is more stable in physiological
conditions. Analysis of RMSD, RMSF and
hydrogen bonding interactions of docking complex
were depicted the steady nature of the lead
compound.
Finally, the results of molecular docking and MD
simulations proved that zinc0B511410 was having
better binding orientations, RMSD, RMSF,
potential energy and follow good pharmacokinetic
properties. Therefore this lead compound can be
considered for further studies against prostate
cancer.

FIG. 4: ILLUSTRATING RMSF PLOT MD
SIMULATION RUN FOR 50 NS. X AND Y AXES
REPRESENT
RESIDUE
INDEX
AND
RMSF,
RESPECTIVELY

Post-processing interaction was done to examine
the ligand-protein binding interactions by
implementing the trajectory frames generated from
the MD simulation. The system stability was
maintained mainly due to the hydrogen bond
interaction with the Phe 54, and hydrophobic
interactions of Val 57, Ala 70, Lys 72, Leu 173 and
Phe 327 (Fig. 5).

CONCLUSION: PKACA is a potential target for
drug discovery. Molecular docking can act as a
potential step towards the development of new
therapy against prostate cancer. Novel inhibitors
were identified by in silico screening of biogenic
compounds from the zinc database using high
throughput virtual screening. The selected
compound zinc0B511410 was further validated by
MD simulations. Finally, the results of molecular
docking and MD simulations proved that
zinc0B511410 was having better binding
orientations, RMSD, RMSF, potential energy and
follow good pharmacokinetic properties. Therefore
this lead compound can be considered for further
studies against prostate cancer.
ACKNOWLEDGEMENTS:
Authors
have
acknowledge Amity Institute of Biotechnology,
Noida for providing the facility for current study.
CONFLICT OF INTEREST: No conflict of
interest.
REFERENCES:
1.

2.

FIG. 5: PROTEIN-LIGAND CONTACT PLOT FOR 50
NS MD SIMULATION. PROTEIN -LIGAND CONTACT
PLOT SHOWS THE BINDING INTERACTIONS,
HYDROGEN BOND (GREEN), IONIC INTERACTION
(PINK),
WATER
BRIDGE
(BLUE)
AND
HYDROPHOBIC INTERACTION (PURPLE)

Leu 49,Gly 127, Glu 170, Asn 171 and Asp 184
were engaged in the formation of water bridges to
International Journal of Pharmaceutical Sciences and Research

3.

4.

Kim J, Li G, Walters MA, Taylor SS, Veglia G:
Uncoupling catalytic and binding functions in the cyclic
AMP-dependent protein kinase A. Structure 2016; 24(3):
353-363.
Turnham RE, Scott JD: Protein kinase a catalytic subunit
isoform PRKACA; History, function and physiology.
Gene 2016; 577(2):101-108.
Pautasso C, Rossi S: Transcriptional regulation of the
protein kinase a subunits in saccharomyces cerevisiae:
autoregulatory role of the kinase an activity. Biochim
Biophys Acta. 2014; 1839(4): 275-287.
Roskoski RJ: A historical overview of protein kinases and
their targeted small molecule inhibitors. Pharmacol Res.
2015; 100:1-23.

3456

Khanam et al., IJPSR, 2017; Vol. 8(8): 3452-3457.
5.

6.

7.

8.
9.

10.
11.

12.

13.

14.

Zhang P, Kornev AP, Wu J, Taylor SS: Discovery of
Allostery in PKA Signaling. Biophys Rev. 2015; 7(2):
227-238.
Slice LW, Taylor SS: Expression of the catalytic subunit
of cAMP-dependent protein kinase in Escherichia coli. J.
Biol. Chem. 1989; 264:20940–20946.
Berthon AS, Szarek E, Stratakis CA. PRKACA: the
catalytic subunit of protein kinase A and adrenocortical
tumors. Front Cell Dev Biol. 2015; 3: 1-6.
Siegel R, Miller K, and Jemal A: Cancer Statistics. CA
Cancer J Clin. 2016; 66:7-30.
Berman HM, Battistuz T, Bhat TN, Bluhm WF, Bourne
PE, Burkhardt K, Feng Z, Gilliland GL, Iype L, Jain S,
Fagan P, Marvin J, Padilla D, Ravichandran V, Schneider
B, Thanki N, Weissig H, and Westbrook JD: The protein
data bank. Acta Crystallogr D Biol Crystallogr. 2002;
58:899–907.
Maestro, version 10.3, Schrodinger, LLC, New York, NY,
2015.
Irwin JJ, Sterling T, Mysinger MM, Bolstad ES, and
Coleman RG: zinc: a free tool to discover chemistry for
biology. J. Chem. Inf. Model. 2012; 52(7):1757-68.
Khanam U, Malik BK, Mathur P, and Rathi B:
Identification of novel inhibitors for mitogen activated
protein kinase kinase 4 by virtual screening and molecular
dynamics simulation techniques. International Journal of
Pharmaceutical Sciences 2016; 8:262-268.
Greenwood JR, Calkins D, Sullivan AP, Shelley JC:
Towards the comprehensive, rapid, and accurate prediction
of the favorable tautomeric states of drug-like molecules in
aqueous solution. J. Comput. Aided Mol. Des. 2010;
24:591-604
Lig Prep, version 3.5, Schrodinger, LLC, New York, NY,
2015.

E-ISSN: 0975-8232; P-ISSN: 2320-5148
15. Glide, version 6.8, Schrodinger, LLC, New York, NY,
2015.
16. Qik Prop, version 4.5, Schrodinger, LLC, New York, NY,
2015.
17. Kroemer RT: Structure-based drug design: docking and
scoring: current protein and peptide. Science 2007; 8:312328.
18. Prime, version 4.1, Schrodinger, LLC, New York, NY,
2015.
19. Shivakumar D, Williams J, Wu Y, Damm W, Shelley J,
and Sherman W: Prediction of absolute solvation free
energies using molecular dynamics free energy
perturbation and the OPLS force field. J. Chem. Theory
Comput. 2010; 6:1509–1519.
20. Branka A: Nose-Hoover chain method for nonequilibrium
molecular dynamics simulation. Phys. Rev. 2000;
61:4769-4773.
21. Martyna GJ, Tobias DJ, and Klein ML: Constant pressure
molecular dynamics algorithms. J. Chem. Phys. 1994;
101:4177-4189.
22. Krautler V, Van GWF, Philippe HH: A fast SHAKE
algorithm to solve distance constraint equations for small
molecules in molecular dynamics simulations. J. Comput.
Chem. 2001; 22:501–508.
23. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ:
Experimental and computational approaches to estimate
solubility and permeability in drug discovery and
development settings. Adv. Drug Deliv. Rev. 1997; 23:325.
24. Friesner RA, Murphy RB, Repasky MP, Frye LL,
Greenwood JR, Halgren, TA, Sanschagrin, PC, and Mainz
DT: Extra precision glide: docking and scoring
incorporating a model of hydrophobic enclosure for
protein-ligand complexes. J. Med. Chem. 2006; 49: 6177 6196.

How to cite this article:
Khanam U, Malik BK and Rathi B: Identification of human cAMP dependent protein kinase catalytic subunit inhibitors. Int J Pharm Sci
Res 2017; 8(8): 3452-57.doi: 10.13040/IJPSR.0975-8232.8(8).3452-57.
All © 2013 are reserved by International Journal of Pharmaceutical Sciences and Research. This Journal licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.

This article can be downloaded to ANDROID OS based mobile. Scan QR Code using Code/Bar Scanner from your mobile. (Scanners are available on Google
Playstore)

International Journal of Pharmaceutical Sciences and Research

3457

