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computational study of paroxetine-
like inhibitors reveals new 
molecular insight to inhibit GRK2 
with selectivity over ROCK1
Seketoulie Keretsu1, Swapnil p. Bhujbal1 & Seung Joo cho1,2

The G-protein coupled receptor kinase 2 (GRK2) regulates the desensitization of beta-adrenergic 
receptors (β-AR), and its overexpression has been implicated in heart failure. Hence, the inhibition 
of GRK2 is considered to be an important drug target for the treatment of heart failure. Due to the 
high sequence similarity of GRK2 with the A, G, and C family (AGC family) of kinases, the inhibition of 
GRK2 also leads to the inhibition of AGC kinases such as Rho-associated coiled-coil kinase 1 (ROCK1). 
Therefore, unraveling the mechanisms to selectively inhibit GRK2 poses an important challenge. We 
have performed molecular docking, three dimensional quantitative structure activity relationship 
(3D-QSAR), molecular dynamics (MD) simulation, and free energy calculations techniques on a series 
of 53 paroxetine-like compounds to understand the structural properties desirable for enhancing 
the inhibitory activity for GRK2 with selectivity over ROCK1. The formation of stable hydrogen bond 
interactions with the residues Phe202 and Lys220 of GRK2 seems to be important for selective inhibition 
of GRK2. Electropositive substituents at the piperidine ring and electronegative substituents near the 
amide linker between the benzene ring and pyrazole ring showed a higher inhibitory preference for 
GRK2 over ROCK1. This study may be used in designing more potent and selective GRK2 inhibitors for 
therapeutic intervention of heart failure.

Heart failure is a condition in which the heart fails to produce sufficient myocardial contraction needed to effec-
tively circulate blood throughout the body. The low circulation of blood is mitigated by the release of catechola-
mines by the sympathetic nervous system1,2. Catecholamines bind to the β-adrenergic receptor (β-AR) on the cell 
surface and activate the downstream release of cAMP, which induces the positive inotropic needed for myocardial 
contraction of the heart3. The stimulated β-AR is desensitized through the phosphorylation of its serine and thre-
onine residues by G protein-coupled receptor kinase 2 (GRK2)4–6. The phosphorylation by GRK2 induces arrestin 
binding at the β-AR, thereby blocking the pathway responsible for increased myocardial contraction7–9. Hence, 
the desensitization of β-AR by inhibition of GRK2 is considered as a potential route for heart failure treatment10.

GRK2 is a serine/threonine kinase and is one of the members of A, G, and C family (AGC family) of kinases. 
AGC kinases play a vital role in cell survival, insulin signalling, regulation of ion transporters and channels, and 
blood pressure among others and its aberrant activity has been shown to be implicated in several diseases11,12. 
Due to high sequence and structural similarity at the kinase domain among AGC kinases (~33% identity), the 
inhibition of GRK2 leads to inhibition of other AGC kinases13. The Rho-associated coiled-coil containing kinase 1 
(ROCK1) is a member of the AGC kinase family and plays crucial role in several vital cellular functions including 
gene transcription, proliferation, differentiation, apoptosis and oncogenic transformation14–16. Rho-associated 
coiled-coil containing kinase (ROCK2) is also another member of the AGC kinase family. They are known to play 
an important role in cell migration and invasion, centrosome duplication, cytokinesis, and apoptosis17. Several 
studies have shown that the inhibition of GRK2 leads to the inhibition of ROCK1 and ROCK2. In addition, cross 
activity between GRK2 and other AGC kinases such as GRK1, GRK3 and protein kinase A (PKA) have been 
observed and reported13,18,19. Therefore, the selective inhibition of GRK2 is considered to be crucial, to avoid 
unwanted side effects that may result from the inhibition of other AGC kinases.
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The catalytic domain of the AGC kinases is highly conserved and consists of a small lobe (N-lobe) and a large 
lobe (C-lobe). The active site, where most AGC kinase inhibitors bind, is formed at the intersection between 
the two lobes19. The conserved active site consists of the adenine subsite which is adjacent to the hinge moiety, 
the ribose subsite, the polyphosphate subsite and the hydrophobic subsite as shown in Fig. S1 (Supplementary 
Material). The hydrophobic subsite is made up of residues from the p-loop, the αC-Helix and the DFG motif20. A 
comparison of the residues at the active site of GRK2, ROCK1 and ROCK2 are shown in Table S1 (Supplementary 
Material).

Several GRK2 inhibitors have been reported over the last decade. The natural product balanol potently inhib-
its GRK2 with an IC50 of 50 nM (at 3 μM ATP) but lacks the selectivity against protein kinase A (PKA) and pro-
tein kinase C (PKC)21. Paroxetine, which is an FDA approved serotonine reuptake inhibitor is modestly potent 
towards GRK2 with an IC50 of 1.1 μM and selective against other GRKs22. GSK180736A which was originally 
developed as an ROCK1 inhibitor is a potent inhibitor of GRK2 (IC50 = 0.77 µM) and is selective against other 
GRKs. However GSK180736 exhibited limited bioavailability18,23. CMPD101 and CMPD103 developed by Takeda 
pharmaceuticals showed high activity for GRK2 with selectivity over other AGC kinases but are not bioavail-
able24,25. Bouley et al., developed a series of indazole hybrid compounds that showed high potency for GRK2 
but these compounds also showed activity for GRK5, ROCK1 and PKA26. Recently, Waldschmidt et al., have 
reported a series of paroxetine-like compounds that showed high inhibitory activity for GRK2 and selectivity over 
other AGC kinases13,27. A study of this series of paroxetine-like compounds with the objective to understand the 
structural factors that drive its potency and selectivity for GRK2 poses an interesting challenge. Therefore, these 
paroxetine-like compounds were selected for computational study.

In-silico drug design techniques have emerged as powerful methods in assisting drug discovery28–30. In 
this study, we have performed molecular docking, molecular dynamics simulation and molecular mechanics 
Poisson-Boltzmann surface area (MM/PBSA) free energy calculations on 53 paroxetine-like compounds13,27 to 
gain detailed insight into the binding interactions and binding stability of the inhibitors. Using three dimensional 
quantitative structure activity relationship (3D-QSAR) studies, CoMFA models were developed for both GRK2 
and ROCK1. The contour maps developed from the CoMFA models were analyzed to understand the structural 
changes favorable for high activity. The contour map results and docking analyses of individual receptors were 
co-analysed to identify the crucial interactions and structural properties that are important to increase the inhib-
itory activity for GRK2 and selectivity over ROCK1.

Methodology
Dataset. A series of 53 paroxetine-like compounds having activity values for GRK2 and ROCK1 were col-
lected from recent literature13,27. The inhibitory concentration IC50 value of the compounds were converted to 
pIC50 (-log IC50) values. The series of compounds showed an activity range of 4.42 to 7.52 for GRK2 and an 
activity range of 5.17 to 7.96 for ROCK1. The structure of the compounds and their pIC50 values for GRK2 and 
ROCK1 are provided in Fig. 1.

The most active compound for GRK2 (compound 47) showed a pIC50 value of 7.523 for GRK2 and showed 
more than 230-fold selectivity over the other kinases including ROCK1. The most active compound for ROCK1 
(compound 11) showed pIC50 value of 6.824 and 7.959 for GRK2 and ROCK1 respectively. The most selective 
compound (compound 17) showed activity pIC50 value of 6.886 for GRK2 with more than 700-fold selectivity 
over other kinases including ROCK1.

Based on the binding pose of the most active compound, the rest of the compounds were sketched and mini-
mized using the Tripos force field in Sybyl-X 2.1. The dataset was randomly divided into a test set and a training 
set. A training set of 33 compounds were used to develop the CoMFA model for GRK2 and 19 compounds were 
used to validate the model. During the CoMFA model development for ROCK1, 21 compounds were used to 
build the model after removing all compounds that do not have a specified activity value for ROCK1.

protein preparation. The crystal structures of compound 11 with GRK2 (PDB ID: 5HE0), compound 17 
with GRK2 (PDB ID: 5HE2) and compound 47 with GRK2 (PDB ID: 5UKM) of the same dataset compounds 
were retrieved from the protein databank (https://www.rcsb.org/). The crystal structure of ROCK1 (PDB ID: 
6E9W) reported by Hobson et al. was used for docking study of the most active compound (compound 11) with 
the binding site of ROCK131. The alignment of the amino acid sequences in the kinase domains of GRK2 and 
ROCK1 are shown in Fig. S2 (Supplementary Material). The missing residues in protein structures were modeled 
using the homology modeling program MODELLER v9.2132–34. The final model after refinement was selected 
based on statistical potentials (GA341) score and Discrete Optimized Protein Energy (DOPE) score35.

Molecular docking. Docking study of the most active compound (compound 11) into the binding site of 
ROCK1 was done using Autodock 4.2.5.136. The crystal structure of ROCK1 in complex with a pyridinylbenzam-
ide based inhibitor (PDB ID: 6E9W) was already reported in a previous study31. The docking protocol was vali-
dated by redocking the co-crystalized ligand. The ligand structure was sketched and minimized with the Tripos 
force field in Sybyl-X 2.1 outside the receptor and then docked to the apo-receptor to perform the redocking. The 
docked pose showed a root-mean-square deviation (RMSD) value of 1.07 Å.

The docking of the most active compound to ROCK1 was preceded by the preparation of the ligand and the 
protein. During the protein structure preparation, polar hydrogen atoms were added to the protein. Gasteiger 
charges were added as partial charges. A grid box of size of 70 × 70 × 70 was created around the ligand to define 
the area of the receptor to be searched during the docking process. Lamarckian Genetic Algorithm (LGA) was 
selected to perform the docking. Finally, the docking process was executed to generate 100 docking conformation 
with 2500000 evaluations per run. The docking results were analyzed using AutoDockTools. Based on its binding 
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energy and important interactions reported in earlier studies, a docked pose was selected and used as input for 
molecular dynamics simulation studies.

This docking protocol was also used for docking study of compound 17 and compound 47 with ROCK1.

Molecular dynamics (MD) simulation. MD simulations were carried out in Gromacs 201837–41. The pro-
tein topology and structure files were prepared using Amber99SB force field42. The ligand topology files were 
generated with ACYPE package using general AMBER force field (GAFF)43,44. The three-point water model (TIP3 
water) was used as the solvent. A dodecahedron box was built around the protein-ligand complex and the system 
was solvated. Sodium ions (NA+) were added to the protein-ligand system to neutralize the charge of the system. 

Figure 1. Structure of the paroxetine-like derivatives and their pIC50 values for GRK2 and ROCK1.

https://doi.org/10.1038/s41598-019-48949-w


4Scientific RepoRtS |         (2019) 9:13053  | https://doi.org/10.1038/s41598-019-48949-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

The system was energy minimized using steepest descent algorithm with the maximum force (FMax) set to 1000 
KJ/Mol. The system was subjected to constant Number of particles, Volume, and Temperature (NVT) ensemble 
equilibration for 100 ps to equilibrate the solvent and ions around the protein at 300 K. The temperature cou-
pling was done using modified Berendsen thermostat45. Constant number of particle, pressure, and temperature 
(NPT) ensemble equilibration was performed for 100 ps to stabilize the pressure. During NPT equilibration, 
Parrinello-Rahman barostat was used for pressure coupling46. LINCS algorithm was used to keep the bonds con-
strained47. During NVT and NPT equilibration, the positions of the protein and the ligand were kept restrained. 
Production MD simulations were carried out for 40 ns without restraints.

free energy calculation. Molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) free energy 
calculation was performed using the g_mmpbsa package48,49. The last 5 ns from the production run of the 40 ns 
MD simulation were used to calculate binding energy. Snapshots were extracted every 50 ps. The binding energy 
consists of three energetic terms (potential energy in vacuum, polar-solvation energy, and non-polar solvation 
energy)50,51. The vacuum potential energy includes both bonded (angle, bond, and dihedral) and non-bonded 
(electrostatics and van der Waals) interactions and was calculated based on molecular mechanics force field 
parameters42,52. Polar solvation energy was calculated by solving the Poisson-Boltzmann equation49,53,54 and 
non-polar solvation energy was calculated based on the solvent accessible surface area (SASA) model55,56. The 
binding energy contributed by individual residue was calculated based on the equation given below:

∑∆ = −
=

R A A( )x
BE
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i
free

0

Where, ∆ Rx
BE represents the binding energy of the residue x, and Ai

bound and Ai
free are the energy of ith atom from 

x residue in bound and unbound forms respectively.

3D-QSAR. The comparative molecular field analysis (CoMFA) models were developed for both GRK2 and 
ROCK1 using Sybyl-X 2.157. In CoMFA model development, the electrostatic field and steric field exerted by the 
compounds were calculated at each point of a regularly spaced 3D grid around the compounds. A probe atom (sp3 
carbon of +1 charge and having a van der Waal radius of 1.52 Å) was used to calculate the field exerted. The steric 
fields were contributed by Lennard-Jones potential and the electrostatic fields were contributed by Coulombic 
potential.

During the CoMFA model development for GRK2, the binding pose of the most active compound (com-
pound 47) given in the co-crystal structure (5UKM) was used for aligning the dataset compounds. Since the 
co-crystalized structure of ROCK1 with its most active compound (compound 11) was not available, the average 
structure of the most active compound extracted from the last 5 ns of the 40 ns MD simulation was used as a tem-
plate for developing the CoMFA model for ROCK1.

The dataset compounds were aligned by superimposing on the substructure which was common to all com-
pounds using the ‘database align’ method given in Sybyl-X 2.1. The common substructure used in aligning the 
dataset compounds was shown in Fig. S3 (Supplementary Material).

The alignments used for developing the CoMFA models for GRK2 and ROCK1 are shown in Fig. 2. Partial 
least square (PLS) analysis was performed to linearly correlate the 3D-QSAR descriptor values to the activity 
values. The leave-one-out method was used to derive the cross-validated correlation coefficient (q2) and optimal 
number of components (ONC) of the model. The non-cross-validated correlation coefficient (r2), standard error 
of estimation and F-test value (F) were evaluated for the CoMFA model based on the ONC value58.

Model validation. The CoMFA models were validated for its robustness and statistical confidence using 
bootstrapping (BS) analysis. Leave-five-out (LFO) analysis was performed to assess the sensitivity of the models 
to chance correlation59. To test the predictive ability of the models against external test set, predictive correlation 
coefficient (r2

pred) was calculated based on the equation given below60:

= −r (SD PRESS)/SDpred
2

Figure 2. (a) Alignment of the dataset compounds used in the CoMFA model development for GRK2. (b) 
Alignment of the dataset compounds used in the CoMFA model development for ROCK1.
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where SD represents the squared deviation between the activity value of the test set compounds and the mean 
activity value of the training set compounds. PRESS represents the sum of square deviation between the actual 
activity and the predicted activity of each compound in the test set.

Results
Molecular docking. The x-ray crystal structure of ROCK1 (PDB ID 6E9W) in complex with a pyridinylb-
enzamide derivative reported by Hobson et al.31 was used for the docking study of compound 11, 17 and 47. 
The docking protocol was validated by redocking the co-crystal ligand into the apo-receptor of ROCK1. The 
re-docked ligand pose showed a root-mean-square deviation (RMSD) value of 1.07 Å.

Docking of the most active compound for ROCK1 (compound 11) resulted in 100 conformations. The dock-
ing results were analyzed and a pose was selected based on low binding energy and H-bond interactions. The 
binding site of ROCK1 consisted of residues Gly85, Ala86, Phe87, Lys105, Leu106, Met156, Tyr155, Glu154, 
Ala215, Asp216, Glu124, Phe120, Phe217, and Leu107. Analysis of the non-bonded interactions showed that the 
compound 11 formed H-bond interactions with the Glu154 and Met156 at the hinge region, Asn203, and Asp216 
at the ribose subsite and Lys105 at the phosphate binding site of ROCK1. The interactions between compound 11 
and the binding site residues of ROCK1 are shown in Fig. 3.

Docking studies of compound 17 (most selective compound) and compound 47 (most active compound for 
GRK2) were also performed to understand the binding modes of the inhibitors inside ROCK1. In the docking of 
compound 17 with ROCK1, the compound 17 formed H-bond interactions with Met156 at the hinge region and 
also with Arg84 and Phe87 at the P-loop. Analysis of the docking results for compound 47 with ROCK1 showed 
that the benzodioxole, piperidine, and pyrazole of compound 47 formed H-bond interactions with the ROCK1 
residues Met156, Asp160, and Gly88 respectively. The interactions of the compound 17 and 47 with the binding 
site residues of ROCK1 are shown in Fig. S4a,b (Supplementary Material) respectively.

From the docking studies, it was observed that compound 11, 17 and 47 formed H-bond interaction with 
Met156 at the hinge region of ROCK1. This interaction with the hinge region was considered to be important 
as it anchors the inhibitor inside the receptor and also induces significant conformational changes in the kinase 
domain61. The docked structures of compound 11, 17 and 47 inside ROCK1 were used for molecular dynamics 
simulations studies to understand the dynamic interactions between the inhibitors and ROCK1.

Molecular dynamics (MD) simulation. During the MD simulation studies of compound 11, 17 and 
47 with GRK2, the crystal structure having PDB ID 5HE0 (compound 11-GRK2 complex), 5HE2 (compound 
17-GRK2 complex) and 5UKM (compound 47-GRK2 complex) were used as initial structures13. The interactions 
observed from the crystal structure of compound 11, 17 and 47 with GRK2 are shown in Fig. S5 (Supplementary 
Materials). In the MD studies of compound 11, 17 and 47 with ROCK1, the inhibitor-protein complex struc-
tures obtained from the docking studies were used as starting structures. The root-mean-square deviation 
(RMSD) values of the inhibitors and proteins for the 40 ns MD simulations are shown in Fig. 4. The snapshots 
of the inhibitor-protein complexes after 40 ns MD simulations were extracted and analyzed to understand the 
non-bonded interactions between the inhibitors and the receptors. Analysis of the H-bond interactions and 
hydrophobic interactions were shown in Figs 5 and 6 respectively.

The compound 11 showed H-bond interactions with the GRK2 binding site residues Met274, Asp272, Asn322, 
Lys 319 and Lys220 as shown in Fig. 5a. The interactions with Met274, Asp272, and Asn322 were observed in the 
crystal structure of compound 11 with GRK2 (PDB ID 5HE0). Compound 11 also formed hydrophobic interac-
tions with the GRK2 binding site residues Ile197, Gly200, Gly201, Gly203, Val205, Ala218, Asn322 and Leu324 
as shown in Fig. 6a. In the MD study of compound 11 with ROCK1, H-bond interactions between compound 
11 and the binding site residues Glu154, Met156, Ala215, Asp202, and Asp216 were observed. Hydrophobic 

Figure 3. The docked conformation of the most active compound for ROCK1 (compound 11) inside the active 
site of ROCK1. H-bond interactions were represented as yellow dotted lines.

https://doi.org/10.1038/s41598-019-48949-w
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interactions were also observed between compound 11 and the binding site residues Gly83, Gly85, Gly88, Val90, 
Phe120, and Leu205. The H-bond interactions and hydrophobic interactions between compound 11 and the 
binding site residues of ROCK1 are shown in Figs 5d and 6d respectively. From the analysis, it was observed that 
compound 11 formed stable H-bond interactions and hydrophobic interactions with both GRK2 and ROCK1, 
which could be a possible reason behind the high activity value of the compound for both GRK2 (pIC50 = 6.8) 
and ROCK1 (pIC50 = 7.9).

In the MD study of the most selective compound (compound 17) with GRK2, the compound 17 formed 
H-bond interactions with the GRK2 binding site residues Met274, Asp272, Asp335, Ala321, Lys220, and Phe202. 
All these H-bond interactions, except the interaction with Lys220, were also observed in the crystal structure of 
compound 17 with GRK2 (PDB ID 5HE2). Compound 17 also formed hydrophobic interactions with residues 
Arg199, Phe202, Gly203, Val205, Leu235, Leu273 and Leu324 of the GRK2 binding site. The H-bond interactions 
and hydrophobic interactions of compound 17 with GRK2 are shown in Figs 5b and 6b respectively. In ROCK1, 
compound 17 formed H-bond interactions with Ile82 and Arg84. The loss of the crucial H-bond interactions with 
Met156 (hinge region) and Phe87 (P-loop) in ROCK1 indicated that compound 17 was unable to form stable 
interactions with ROCK1. The H-bond interactions and hydrophobic interactions of compound 17 with ROCK1 
are shown in Figs 5e and 6e respectively. It was also observed that the dimethoxybenzene ring of compound 17 
extended away from the binding site and was unable to form hydrophobic interactions with residues at hydro-
phobic subsite of ROCK1. Hydrophobic interactions were observed between compound 17 and residues from the 
adenine subsite and P-loop of ROCK1 such as Ile82, Gly83, Arg84, Gly85, Ala86, and Leu205.

From the analysis of the MD results for compound 47 with GRK2, it was observed that compound 47 formed 
H-bond interactions with Met274, Asp278, Glu239, Lys220, and Phe202. In addition to the interactions observed 
in the co-crystal structure of compound 47 with GRK2 (PDB ID 5UKM), new interactions with the Met274 
(hinge region) and LYS220 (phosphate subsite) were observed. Hydrophobic interactions were also observed 
between compound 47 and GRK2 binding site residues Ile197, Val205, Gly203, Val205, Met274, Leu324, Asp335, 
and Gly337. The H-bond interactions and hydrophobic interactions are shown in Figs 5c and 6c respectively. In 
ROCK1, the compound 47 formed H-bond interactions with residues Met153 and Glu124 however, failed to 
form interactions with Met156 (Hinge region) and Gly88 (P-loop) of ROCK1. The inability of the compound 47 
to form interactions at the hinge region and the P-loop could be the reason why the inhibitor was unable to form 
stable binding with ROCK1 and extended out of the binding pocket. Compound 47 also formed hydrophobic 
interactions with residues Gly85, Gly88, Glu89, Val90, Leu106, and Leu107 at the binding site of ROCK1. The 
H-bond interactions and hydrophobic interactions of compound 47 with ROCK1 are given in Figs 5f and 6f.

Figure 4. The RMSD diagrams for the 40 ns MD simulation runs. MD production run for each protein-
ligand complex was performed once only. (a) Compound 11 with GRK2. (b) Compound 11 with ROCK1. (c) 
Compound 17 with GRK2. (d) Compound 17 with ROCK1. (e) Compound 47 with GRK2. (f) Compound 47 
with ROCK1.
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The analysis of the binding interactions from the MD studies showed that the most active compound for GRK2 
(compound 47) and the most selective compound (compound 17) were able to adopt conformations that allow 
the pyrazole/pyridine rings to form interactions with the Lys220 at the phosphate binding site of GRK2, which 
was not observed in the interactions with ROCK1. H-bond interaction was also observed between the pyrazole 
of the compound 47 and Glu239 (αC-Helix) in GRK2 which was not observed in the other inhibitor-protein 
interactions. The ability of the compound 47 to form stable interactions with Lys220 and Glu239 could be vital for 
stabilizing the dimethoxybenzene ring at the hydrophobic subsite of GRK2.

MM/PBSA based free energy calculations. The binding energies of the inhibitor-protein interactions 
were calculated from the last 5 ns of the 40 ns MD production runs. The results of the binding energy calculations 
are given in Table 1. The total binding energy for each inhibitor-protein complex was contributed by the follow-
ing energy terms: van der Waals, electrostatic, polar solvation, and non-polar solvation. From the analyses, we 
observed that Van der Waals energy and electrostatic energy made the major contribution to the total binding 
energies. In the interaction of compound 11 with ROCK1, the van der Waals and electrostatic energy values 
were −225.88 kJ/mol and −120.99 kJ/mol respectively suggesting that van der Waals interactions (hydrophobic 
interactions) were the major forces in the binding of ROCK1 and its most active compound. In the interaction of 
compound 47 with GRK2, the contribution of van der Waals energy and electrostatic energy to the total binding 
energy were −254 kJ/mol and −242.27 kJ/mol respectively suggesting that compound 47 can form favorable van 
der Waals interactions (hydrophobic interactions) and electrostatic interactions (H-bond interactions) with the 
binding site residues of GRK2.

The energy contributions of the residues to the total binding energies were calculated for each inhibitor-protein 
complex to understand the residues that made significant contributions in the inhibitor-protein interactions. The 
binding energy values for the residues at the binding site of GRK2 that made significant contributions to the total 
binding energy are shown in Fig. 7a and the energy values for the corresponding residues in ROCK1 are shown 
in Fig. 7b. In binding of compound 11, 17 and 47 with GRK2, the residues Gly200, Gly201, Phe202, Val 204 and 
Lys205 from the P-loop, the residues Leu222 and Glu235 from the phosphate subsite and the residues Leu271, 
Asp272, Leu273, met274, Asn275 and Asp278 from the adenine subsite made vital contributions to the total 
binding energies. Whereas in ROCK1, the residues Glu89 and Val90 from the P-loop, Met153, Glu154, Tyr155 
and Met156 from the adenine subsite and residues Asp160, Asp 202, Leu205 and Asp216 from the ribose subsite 
made vital contributions to the total binding energies.

Figure 5. H-bond interactions between the compound 11 (salmon), 17 (green) and 47 (magenta) with GRK2 
and ROCK1. Snapshots were collected after 40 ns simulations. The GRK2 and ROCK1 residues are shown in 
grey and cyan colours respectively. H-bond interactions were represented as yellow dotted lines. (a) Compound 
11 with GRK2. (b) Compound 17 with GRK2. (c) Compound 47 with GRK2. (d) Compound 11 with ROCK1. 
(e) Compound 17 with ROCK1. (f) Compound 47 with ROCK1.
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3D-QSAR. The CoMFA models for GRK2 and ROCK1 were developed using Sybyl-X 2.1. During the devel-
opment of the CoMFA model for GRK2, the structure of the most active compound for GRK2 (compound 
47) given in the co-crystallized structure (PDB ID 5UKM) was used as the template for aligning the dataset 
compounds. The model was built based on a training set of 30 compounds and the remaining 23 compounds 
were used for testing the model. The aligned compounds are shown in Fig. 2a. The CoMFA model showed a 
cross-validated correlation coefficient (q2) value of 0.67 and non-cross-validated correlation coefficient (r2) value 
of 0.92. The statistical results of the CoMFA model are shown in Table 2. The derived CoMFA model showed an 
LFO value of 0.54 and also showed reasonable BS-r2 and BS-SD value of 0.96 and 0.03 respectively. During the 
external validation, the CoMFA model exhibited acceptable predictive ability showing an r2

pred value of 0.61.

Figure 6. Hydrophobic interactions between compound 11, 17, and 47 with GRK2 and ROCK1. Snapshots 
were collected after 40 ns simulations. Hydrophobic interactions are represented as red dotted line. H-bond 
interactions are represented as green dotted lines. (a) Compound 11 with GRK2. (b) Compound 17 with ROCK1. 
(c) Compound 47 with GRK2. (d) Compound 11 with ROCK1. (e) Compound 17 with ROCK1. (f) Compound 
47 with ROCK1.

Complexes
Van der Waals 
(kJ/Mol)

Electrostatics 
(kJ/Mol)

Polar solvation 
(kJ/Mol)

SASA (kJ/
Mol)

Total Binding Energy 
(kJ/Mol)

Compound 11- GRK2 −249.62 −85.93 246.63 −24.66 −113.58

Compound 11- ROCK1 −255.88 −120.99 307.92 −24.08 −63.03

Compound 17- GRK2 −262.38 −112.65 275.98 −25.58 −124.63

Compound 17 –ROCK1 −189.84 −76.00 160.00 −20.40 −126.25

Compound 47-GRK2 −254.96 −242.27 293.74 −23.97 −227.48

Compound 47- ROCK1 −225.91 −73.84 190.62 −21.19 −130.34

Table 1. The energy contribution of the various energetic terms (van der Waals energy, electrostatic energy, 
polar solvation energy, and non-polar solvation energy/SASA) to the total binding energy.
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During the development of the CoMFA model for ROCK1, the average structure of the most active compound 
for ROCK1 (compound 11) extracted from the last 5 ns of the 40 ns MD simulation (compound 11-ROCK1 
complex) was used as the template for aligning the dataset compounds. The CoMFA model was build using 21 
compounds. The aligned compounds for the CoMFA model for ROCK1 are shown in Fig. 2b. The derived model 
showed a q2 value of 0.59 and r2 value of 0.94. During the model validation, the CoMFA model showed an LFO 
value of 0.62 and showed reasonable BS-r2 and BS-SD value of 0.98 and 0.01 respectively. The statistical results 
are shown in Table 2.

The statistical results from the CoMFA models for GRK2 and ROCK1 suggested that the models have accept-
able robustness and predictive ability. The comparison of the actual activity values and the predicted activity 
values for the CoMFA models for GRK2 and ROCK1 are shown in Tables S2 and S3 (Supplementary Material) 
respectively. The scatter plot for the CoMFA models are given in Fig. S6 (Supplementary Material).

contour map analysis. The electrostatic and steric contour maps developed from the CoMFA models for 
GRK2 and ROCK1 are shown in Fig. 8. In the electrostatics contour maps, the regions favorable to electropositive 
substituents were shown in blue color contours and the electronegative substituents favorable regions were shown 
in red color contours. In the steric contour maps, the bulky substituents and non-bulky substituents favorable 
regions were represented in green and yellow contours respectively.

Figure 7. The energy contributions (in kJ/mol) of the key residues to the total binding energy; (a) Interaction of 
compound 11 (brown), 17 (green) and 47 (magenta) with GRK2. (b) Interaction of compound 11 (brown), 17 
(green) and 47 (magenta) with ROCK1.

Parameters CoMFA (GRK2) CoMFA (ROCK1)

q2 0.67 0.59

ONC 5 6

SEP 0.50 0.57

r2 0.92 0.94

SEE 0.22 0.2

F value 52.46 35.93

LFO 0.54 0.62

BS r2 0.96 0.98

BS SD 0.03 0.01

r2
pred 0.61 NA

Influence of different fields (%)

S 0.49 0.73

E 0.50 0.27

Table 2. Statistical results of the CoMFA models for GRK2 and ROCK1. q2: cross-validated correlation 
coefficient; ONC: Optimal number of components; SEP: Standard Error of Prediction; r2: non-cross-validated 
correlation coefficient; SEE: Standard Error of Estimation; F value: F-test value; r2; LFO: Leave five out; BS-r2: 
Bootstrapping r2 mean; BS-SD: Bootstrapping Standard deviation; r2

pred: predictive correlation coefficient; S: 
Steric; E: Electrostatic; ND: Not Determined.
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In the CoMFA contour maps for GRK2, compound 47 (most active compound for GRK2) was used as a 
reference (Fig. 8a,b). The blue contours observed near the benzodioxole, the piperidine ring and near the linker 
between the benzodioxole and the piperidine ring suggested that electropositive substituents at these positions 
are favored. Red color contours were observed near the pyrazole ring, the benzodioxole and near the linker 
between the benzene ring and the pyrazole ring suggesting that electronegative substituents are favored in these 
regions. The electronegative and electropositive substituents near the benzodioxole can lead to H-bond inter-
actions with the GRK2 hinge region residues such as Met274 and Asp272 as observed in compound 11, 17 and 
47. Electronegative substituents at the pyrazole ring can lead to H-bond interaction with Lys220 as observed in 
compound 17 and 47. In the steric contour map (Fig. 8b), green contours were observed near the benzodioxole 
and the pyrazole ring suggesting that bulky substituents are favored in these regions. As the benzodioxole and 
the pyrazole ring occupied the adenine subsite and the hydrophobic subsite respectively, the presence of bulky 
substituents may result in favorable non-bonded interactions with residues surrounding the hydrophobic subsite. 
Yellow contour at the back of the pyrazole ring suggested that extended bulky substituents are not favorable in this 
region. Extended bulky substituents in this region can cause steric clash with binding site residues. This is exem-
plified by compound 22, 30, 40, 41 and 42 all of which have relatively lower activity value for GRK2 in the series.

In the CoMFA contour maps for ROCK1, the compound 11 (most active compound for ROCK1) was used 
as a reference (Fig. 8c,d). The blue contours near the indazole and near the linker between the benzene ring and 
the pyridine ring in the electrostatic contour map (Fig. 8c) suggested that electropositive substituents at these 
positions are favorable and may increase the activity of the compounds for ROCK1. Electropositive substituents 
at the linker between the benzene ring and the pyridine can lead to H-bond interactions with Ala215 as observed 
in the interaction of compound 11 with ROCK1 (Fig. 5d). The red contour near the pyridine ring suggested that 
electronegative substituents are favored in that region. Having electronegative substituents at the pyridine ring 
can lead to favorable H-bond interactions with Lys105 as observed in the interaction compound 11 with ROCK1. 
Green contour was observed near the pyridine ring, suggesting that bulky substituents are favorable in that region 
(Fig. 8d).

From the analysis of the CoMFA contour maps for GRK2 and ROCK1, it was observed that electronegative 
substituents near the benzodioxole and near the piperidine ring and having bulky substituents near the piperidine 
ring increased the activity for both GRK2 and ROCK1. Whereas, having electropositive substituents at the piperi-
dine ring, having electropositive and electronegative substituents at the benzodioxole and having electronegative 
substituents near the amide linker between the benzene ring and the pyrazole ring are favorable for increasing the 
activity for GRK2 with selectivity over ROCK1.

Figure 8. Standard coefficient contour maps obtained from GRK2 and ROCK1 CoMFA analyses. In the 
electrostatic contour maps, Blue contour indicates electropositive substituent favorable regions and red contour 
indicates electronegative substituent favorable regions. In the steric contour maps, green contour indicates steric 
bulk favorable regions and yellow contour indicates steric bulk unfavorable regions. (a) Electrostatic contour 
map for GRK2 CoMFA model with the template compound (compound 47) as reference. (b) Steric contour 
map for GRK2 CoMFA model with the template compound (compound 47) as reference. (c) Electrostatic 
contour map for ROCK1 CoMFA model with the template compound (compound 11) as reference. (d) Steric 
contour map for ROCK1 CoMFA model with the template compound (compound 11) as reference.
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Discussions
From the analysis of the inhibitor-protein interactions from the MD simulation results, it was observed that com-
pound 11, 17 and 47 were able to form stable H-bond interactions with residues from the hinge region (Met274 
and Asp272) and the ribose subsite (Asp278, Lys319, Asn322, and Asp335) of GRK2 which anchored the inhibi-
tors at the binding site (Fig. 5a–c). Compound 11 also formed H-bond interactions with residues from the hinge 
region (Glu154) and the ribose subsite (Asp216 and Asp202) of ROCK1 (Fig. 5d). However, compound 17 and 47 
could not form stable interactions with residues at the hinge region and at the ribose subsite of ROCK1 (Fig. 5e,f), 
which could be a reason behind the poor activity of these compounds towards ROCK1.

In both compound 17 and compound 47, the oxygen at the amide linker between the benzene ring and the 
dimethoxybenzene ring/pyrazole ring formed H-bond interactions with the nitrogen of Phe202 (P-loop) and 
extended the dimethoxybenzene/pyrazole ring into the hydrophobic pocket of GRK2 (Fig. 5b,c). This allowed the 
dimethoxybenzene ring/pyrazole rings to form H-bond interactions with Lys220 (phosphate subsite) of GRK2. 
These H-bond interactions with the P-loop (Phe87) and the phosphate subsite (LYS105) were not observed in 
ROCK1. These interactions with the Phe202 and Lys220 could be crucial for the binding stability of compound 
17 and compound 47 inside GRK2. To investigate the influence of the interactions with the Phe202 and Lys220 
on the stability of the dimethoxybenzene/pyrazole ring inside the hydrophobic pockets, we calculated the RMSD 
of the pyridine ring (compound 11), dimethoxybenzene ring (compound 17) and pyrazole ring (compound 47) 
inside the hydrophobic subsites of GRK2 and ROCK1. MD production run for each protein-ligand complex 
was performed once only. The outcomes of the RMSD calculations for each protein-ligand complex are shown 
in Fig. 9. The pyridine ring of Compound 11 showed an average RMSD value of 0.36 Å and 0.33 Å inside GRK2 
and ROCK1 respectively (Fig. 9a). Though compound 11 formed multiple H-bond interactions with the binding 
site residues of GRK2 and ROCK1, it did not form interactions with Lys220 (GRK2) or Lys105 (ROCK1) which 
could be the reason behind the increased in the average RMSD values of 0.36 Å and 0.33 Å for GRK2 and ROCK1 
respectively. The pyrazole of compound 47 showed an average RMSD value of 0.19 Å and 0.37 Å in GRK2 and 
ROCK1 respectively (Fig. 9c). The low average RMSD value of the pyrazole ring inside GRK2 suggested that the 
pyrazole of compound 47 was stably locked at the hydrophobic subsite. This stability may be attributed to the 
H-bond interactions with Lys220 and Glu239 at the hydrophobic subsite of GRK2. The biggest difference in the 
RMSD value was observed for the dimethoxybenzene ring of compound 17 which showed an average RMSD 
value of 0.25 Å and 0.85 Å inside GRK2 and ROCK1 respectively (Fig. 9b). The difference in the average RMSD 
values may be attributed to the fact that compound 17 was able to form interactions with Phe202 and Lys220 
in GRK2 which stabilized the dimethoxybenzene ring inside the hydrophobic subsite, however, in ROCK1, the 
dimethoxybenzene ring extended out of the hydrophobic subsite and did not form interactions at the hydropho-
bic subsite.

The H-bond interactions with Phe202 and Lys220 could be the reason behind the stability of compound 17 
and 47 in GRK2, resulting in higher activity of the compounds for GRK2. These observations suggested that the 
H-bond formation with the Phe202 and Lys220 may be crucial for the stability of the inhibitors at the hydropho-
bic pocket of GRK2 and could potentially lead to selective inhibition of GRK2 over ROCK1.

Figure 9. RMSD values of pyridine ring (compound 11), dimethoxybenzene ring (compound 17) and pyrazole 
ring (compound 47) inside GRK2 and ROCK1 for 40 ns MD simulations. MD production run for each protein-
ligand complex was performed once only. (a) RMSD of pyridine ring of compound 11 at the hydrophobic 
pocket of GRK2 (black) and ROCK1 (red). (b) RMSD of dimethoxybenzene ring of compound 17 at the 
hydrophobic pocket of GRK2 (black) and ROCK1 (red). (c) RMSD of pyrazole ring of compound 47 at the 
hydrophobic pocket of GRK2 (black) and ROCK1 (red).
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conclusions
In this study, we have used molecular docking, molecular dynamics simulation, free energy calculation and 
3D-QSAR methods to study a series of 53 paroxetine-like inhibitors to understand the structural properties that 
drive the inhibitory preference for GRK2 over ROCK1. The observations from the MD studies suggested that 
H-bond interactions of the inhibitors with the residues at hinge regions and ribose subsites are crucial for anchor-
ing the inhibitors at the binding site in GRK2 and ROCK1. It was also observed that H-bond interactions with 
Phe202 and Lys220 increased the stability of the inhibitors at the hydrophobic subsite of GRK2. Hence, H-bond 
interactions with Phe202 and Lys220 were considered to be vital for the selective inhibition of GRK2. Free energy 
calculations of the inhibitor-protein interactions suggested that van der Waals and electrostatic energies were 
the major contributors to the total binding energies in GRK2 and ROCK1. Residue-wise energy decompositions 
indicated that van der Waals interactions and electrostatic interactions with residues Phe202, Val205, Lys220, and 
Glu239 were important for the inhibition of GRK2 with selectivity over ROCK1. Analysis of the contour maps 
from the 3D-QSAR models suggested that having electropositive substituents at the piperidine ring, electroneg-
ative and electropositive substituents at the benzodioxole and electronegative substituent near the amide linker 
between the benzene ring and the pyrazole ring were favorable in GRK2 and may lead to increased inhibitor 
activity for GRK2 with selectivity over ROCK1.

The statistical results and scientific observations reported in this study contributed in understanding the 
structural properties required for the selective inhibition of GRK2 with selectivity over ROCK1. The outcome 
of this study could be useful in designing potent GRK2 inhibitors with selectivity over ROCK1 for therapeutic 
intervention of heart failure diseases.

Data Availability
All relevant data are contained within the manuscript and the supplementary material. Additional raw data will be 
available upon request.

References
 1. Fukuta, H. & Little, W. C. The cardiac cycle and the physiologic basis of left ventricular contraction, ejection, relaxation, and filling. 

Heart failure clinics 4, 1–11 (2008).
 2. Cohn, J. N. et al. Plasma norepinephrine as a guide to prognosis in patients with chronic congestive heart failure. New England 

journal of medicine 311, 819–823 (1984).
 3. Lefkowitz, R. J., Sharp, G. W. & Haber, E. Specific binding of β-adrenergic catecholamines to a subcellular fraction from cardiac 

muscle. Journal of Biological Chemistry 248, 342–349 (1973).
 4. Choi, D.-J., Koch, W. J., Hunter, J. J. & Rockman, H. A. Mechanism of β-adrenergic receptor desensitization in cardiac hypertrophy 

is increased β-adrenergic receptor kinase. Journal of Biological Chemistry 272, 17223–17229 (1997).
 5. Kelly, E., Bailey, C. P. & Henderson, G. Agonist‐selective mechanisms of GPCR desensitization. British journal of pharmacology 153, 

S379–S388 (2008).
 6. Rapacciuolo, A. et al. Protein kinase A and G protein-coupled receptor kinase phosphorylation mediates β-1 adrenergic receptor 

endocytosis through different pathways. Journal of Biological Chemistry 278, 35403–35411 (2003).
 7. Pippig, S. et al. Overexpression of beta-arrestin and beta-adrenergic receptor kinase augment desensitization of beta 2-adrenergic 

receptors. Journal of Biological Chemistry 268, 3201–3208 (1993).
 8. Pitcher, J., Lohse, M. J., Codina, J., Caron, M. G. & Lefkowitz, R. J. Desensitization of the isolated. beta. 2-adrenergic receptor by. 

beta.-adrenergic receptor kinase, cAMP-dependent protein kinase, and protein kinase C occurs via distinct molecular mechanisms. 
Biochemistry 31, 3193–3197 (1992).

 9. Feldman, D. S., Carnes, C. A., Abraham, W. T. & Bristow, M. R. Mechanisms of disease: β-adrenergic receptors—alterations in signal 
transduction and pharmacogenomics in heart failure. Nature Reviews. Cardiology 2, 475 (2005).

 10. Najafi, A., Sequeira, V., Kuster, D. W. & van der Velden, J. β‐adrenergic receptor signalling and its functional consequences in the 
diseased heart. European journal of clinical investigation 46, 362–374 (2016).

 11. Pearce, L. R., Komander, D. & Alessi, D. R. The nuts and bolts of AGC protein kinases. Nature reviews Molecular cell biology 11, 9 
(2010).

 12. Rengo, G., Lymperopoulos, A., Leosco, D. & Koch, W. J. GRK2 as a novel gene therapy target in heart failure. Journal of molecular 
and cellular cardiology 50, 785–792 (2011).

 13. Waldschmidt, H. V. et al. Structure-based design, synthesis, and biological evaluation of highly selective and potent G protein-
coupled receptor kinase 2 inhibitors. Journal of medicinal chemistry 59, 3793–3807 (2016).

 14. Nakagawa, O. et al. ROCK-I and ROCK-II, two isoforms of Rho-associated coiled-coil forming protein serine/threonine kinase in 
mice. FEBS letters 392, 189–193 (1996).

 15. Shimokawa, H. & Rashid, M. Development of Rho-kinase inhibitors for cardiovascular medicine. Trends in pharmacological sciences 
28, 296–302 (2007).

 16. Zhou, L., Xu, Z., Ren, X., Chen, K. & Xin, S. MicroRNA-124 (MiR-124) inhibits cell proliferation, metastasis and invasion in 
colorectal cancer by downregulating Rho-associated protein kinase 1 (ROCK1). Cellular Physiology and Biochemistry 38, 1785–1795 
(2016).

 17. Boureux, A., Vignal, E., Faure, S. & Fort, P. Evolution of the Rho family of ras-like GTPases in eukaryotes. Molecular biology and 
evolution 24, 203–216 (2006).

 18. Homan, K. T. et al. Identification and structure–function analysis of subfamily selective g protein-coupled receptor kinase inhibitors. 
ACS chemical biology 10, 310–319 (2014).

 19. Homan, K. T. & Tesmer, J. J. Molecular basis for small molecule inhibition of G protein-coupled receptor kinases. ACS chemical 
biology 10, 246–256 (2014).

 20. Johnson, L. N. Protein kinase inhibitors: contributions from structure to clinical compounds. Quarterly reviews of biophysics 42, 
1–40 (2009).

 21. Guccione, M. et al. G-protein-coupled receptor kinase 2 (GRK2) inhibitors: current trends and future perspectives. Journal of 
medicinal chemistry 59, 9277–9294 (2016).

 22. Thal, D. M. et al. Paroxetine is a direct inhibitor of g protein-coupled receptor kinase 2 and increases myocardial contractility. ACS 
chemical biology 7, 1830–1839 (2012).

 23. Sehon, C. A. et al. Potent, selective and orally bioavailable dihydropyrimidine inhibitors of Rho kinase (ROCK1) as potential 
therapeutic agents for cardiovascular diseases. Journal of medicinal chemistry 51, 6631–6634 (2008).

 24. Ikeda, S., Keneko, M. & Fujiwara, S. Cardiotonic agent comprising GRK inhibitor. US Patent (2007).
 25. Okawa, T. et al. Design, synthesis, and evaluation of the highly selective and potent G-protein-coupled receptor kinase 2 (GRK2) 

inhibitor for the potential treatment of heart failure. Journal of medicinal chemistry 60, 6942–6990 (2017).

https://doi.org/10.1038/s41598-019-48949-w


13Scientific RepoRtS |         (2019) 9:13053  | https://doi.org/10.1038/s41598-019-48949-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 26. Bouley, R. et al. Structural Determinants Influencing the Potency and Selectivity of Indazole-Paroxetine Hybrid G Protein–Coupled 
Receptor Kinase 2 Inhibitors. Molecular pharmacology 92, 707–717 (2017).

 27. Waldschmidt, H. V. et al. Structure-based design of highly selective and potent G protein-coupled receptor kinase 2 inhibitors based 
on paroxetine. Journal of medicinal chemistry 60, 3052–3069 (2017).

 28. Anderson, A. C. The process of structure-based drug design. Chemistry & biology 10, 787–797 (2003).
 29. Adcock, S. A. & McCammon, J. A. Molecular dynamics: survey of methods for simulating the activity of proteins. Chemical reviews 

106, 1589–1615 (2006).
 30. Reddy, M. R. & Erion, M. D. Free energy calculations in rational drug design. (Springer Science & Business Media, 2001).
 31. Hobson, A. D. et al. Identification of Selective Dual ROCK1 and ROCK2 Inhibitors Using Structure-Based Drug Design. Journal of 

medicinal chemistry 61, 11074–11100 (2018).
 32. Eswar, N. et al. Comparative protein structure modeling using MODELLER. Current protocols in protein science 50, 2.9. 1–2.9. 31 

(2007).
 33. Martí-Renom, M. A. et al. Comparative protein structure modeling of genes and genomes. Annual review of biophysics and 

biomolecular structure 29, 291–325 (2000).
 34. Fiser, A. & Do, R. K. G. Modeling of loops in protein structures. Protein science 9, 1753–1773 (2000).
 35. Shen, M. y. & Sali, A. Statistical potential for assessment and prediction of protein structures. Protein science 15, 2507–2524 (2006).
 36. Morris, G. M. et al. AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility. Journal of computational 

chemistry 30, 2785–2791 (2009).
 37. Berendsen, H. J., van der Spoel, D. & van Drunen, R. GROMACS: a message-passing parallel molecular dynamics implementation. 

Computer physics communications 91, 43–56 (1995).
 38. Hess, B., Kutzner, C., Van Der Spoel, D. & Lindahl, E. GROMACS 4: algorithms for highly efficient, load-balanced, and scalable 

molecular simulation. Journal of chemical theory and computation 4, 435–447 (2008).
 39. Pronk, S. et al. GROMACS 4.5: a high-throughput and highly parallel open source molecular simulation toolkit. Bioinformatics 29, 

845–854 (2013).
 40. Pall, S., Abraham, M. J., Kutzner, C., Hess, B. & Lindahl, E. In International Conference on Exascale Applications and Software. 3–27 

(Springer).
 41. Abraham, M. J. et al. GROMACS: High performance molecular simulations through multi-level parallelism from laptops to 

supercomputers. SoftwareX 1, 19–25 (2015).
 42. Hornak, V. et al. Comparison of multiple Amber force fields and development of improved protein backbone parameters. Proteins: 

Structure, Function, and Bioinformatics 65, 712–725 (2006).
 43. Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A. Development and testing of a general amber force field. Journal of 

computational chemistry 25, 1157–1174 (2004).
 44. da Silva, A. W. S. & Vranken, W. F. ACPYPE-Antechamber python parser interface. BMC research notes 5, 367 (2012).
 45. Berendsen, H. J., Postma, J. v., van Gunsteren, W. F., DiNola, A. & Haak, J. Molecular dynamics with coupling to an external bath. 

The Journal of chemical physics 81, 3684–3690 (1984).
 46. Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. Journal of Applied 

physics 52, 7182–7190 (1981).
 47. Hess, B. P-LINCS: A parallel linear constraint solver for molecular simulation. Journal of Chemical Theory and Computation 4, 

116–122 (2008).
 48. Kumari, R., Kumar, R., Consortium, O. S. D. D. & Lynn, A. g_mmpbsaφ A GROMACS tool for high-throughput MM-PBSA 

calculations. Journal of chemical information and modeling 54, 1951–1962 (2014).
 49. Baker, N. A., Sept, D., Joseph, S., Holst, M. J. & McCammon, J. A. Electrostatics of nanosystems: application to microtubules and the 

ribosome. Proceedings of the National Academy of Sciences 98, 10037–10041 (2001).
 50. Gohlke, H., Kiel, C. & Case, D. A. Insights into protein–protein binding by binding free energy calculation and free energy 

decomposition for the Ras–Raf and Ras–RalGDS complexes. Journal of molecular biology 330, 891–913 (2003).
 51. Kollman, P. A. et al. Calculating structures and free energies of complex molecules: combining molecular mechanics and continuum 

models. Accounts of chemical research 33, 889–897 (2000).
 52. Lindorff‐Larsen, K. et al. Improved side‐chain torsion potentials for the Amber ff99SB protein force field. Proteins: Structure, 

Function, and Bioinformatics 78, 1950–1958 (2010).
 53. Srinivasan, J., Cheatham, T. E., Cieplak, P., Kollman, P. A. & Case, D. A. Continuum solvent studies of the stability of DNA, RNA, 

and phosphoramidate− DNA helices. Journal of the American Chemical Society 120, 9401–9409 (1998).
 54. Honig, B. & Nicholls, A. Classical electrostatics in biology and chemistry. Science 268, 1144–1149 (1995).
 55. Sitkoff, D., Sharp, K. A. & Honig, B. Accurate calculation of hydration free energies using macroscopic solvent models. The Journal 

of Physical Chemistry 98, 1978–1988 (1994).
 56. Still, W. C., Tempczyk, A., Hawley, R. C. & Hendrickson, T. Semianalytical treatment of solvation for molecular mechanics and 

dynamics. Journal of the American Chemical Society 112, 6127–6129 (1990).
 57. Cramer, R. D., Patterson, D. E. & Bunce, J. D. Comparative molecular field analysis (CoMFA). 1. Effect of shape on binding of 

steroids to carrier proteins. Journal of the American Chemical Society 110, 5959–5967 (1988).
 58. Wold, S., Ruhe, A., Wold, H. & Dunn, I. WJ. The collinearity problem in linear regression. The partial least squares (PLS) approach 

to generalized inverses. SIAM Journal on Scientific and Statistical Computing 5, 735–743 (1984).
 59. Cramer, R. D. III, Bunce, J. D., Patterson, D. E. & Frank, I. E. Crossvalidation, bootstrapping, and partial least squares compared with 

multiple regression in conventional QSAR studies. Quantitative Structure‐Activity Relationships 7, 18–25 (1988).
 60. Gramatica, P. Principles of QSAR models validation: internal and external. QSAR & combinatorial science 26, 694–701 (2007).
 61. Yao, X.-Q. et al. Navigating the conformational landscape of G protein–coupled receptor kinases during allosteric activation. Journal 

of Biological Chemistry 292, 16032–16043 (2017).

Acknowledgements
This work was supported by the National Research Foundation of Korea grant (MRC, 2015-009070) and Basic 
Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of 
Education, Science and Technology (NRF-2016RID1AIB01007060).

Author contributions
S.K. designed the study and completed the molecular modeling under the supervision of S.J.C. The analysis and 
interpretation of the results were done by S.K. The manuscript was written by S.K. and S.P.B. All authors read and 
approved the manuscript for publication.

https://doi.org/10.1038/s41598-019-48949-w


1 4Scientific RepoRtS |         (2019) 9:13053  | https://doi.org/10.1038/s41598-019-48949-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48949-w.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48949-w
https://doi.org/10.1038/s41598-019-48949-w
http://creativecommons.org/licenses/by/4.0/

	Computational study of paroxetine-like inhibitors reveals new molecular insight to inhibit GRK2 with selectivity over ROCK1 ...
	Methodology
	Dataset. 
	Protein preparation. 
	Molecular docking. 
	Molecular dynamics (MD) simulation. 
	Free energy calculation. 
	3D-QSAR. 
	Model validation. 

	Results
	Molecular docking. 
	Molecular dynamics (MD) simulation. 
	MM/PBSA based free energy calculations. 
	3D-QSAR. 
	Contour map analysis. 

	Discussions
	Conclusions
	Acknowledgements
	Figure 1 Structure of the paroxetine-like derivatives and their pIC50 values for GRK2 and ROCK1.
	Figure 2 (a) Alignment of the dataset compounds used in the CoMFA model development for GRK2.
	Figure 3 The docked conformation of the most active compound for ROCK1 (compound 11) inside the active site of ROCK1.
	Figure 4 The RMSD diagrams for the 40 ns MD simulation runs.
	Figure 5 H-bond interactions between the compound 11 (salmon), 17 (green) and 47 (magenta) with GRK2 and ROCK1.
	Figure 6 Hydrophobic interactions between compound 11, 17, and 47 with GRK2 and ROCK1.
	Figure 7 The energy contributions (in kJ/mol) of the key residues to the total binding energy (a) Interaction of compound 11 (brown), 17 (green) and 47 (magenta) with GRK2.
	Figure 8 Standard coefficient contour maps obtained from GRK2 and ROCK1 CoMFA analyses.
	Figure 9 RMSD values of pyridine ring (compound 11), dimethoxybenzene ring (compound 17) and pyrazole ring (compound 47) inside GRK2 and ROCK1 for 40 ns MD simulations.
	Table 1 The energy contribution of the various energetic terms (van der Waals energy, electrostatic energy, polar solvation energy, and non-polar solvation energy/SASA) to the total binding energy.
	Table 2 Statistical results of the CoMFA models for GRK2 and ROCK1.




