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ABSTRACT 
The therapeutic potential of small molecule kinase inhibitors in cancer treatment is well recognized. 
However, achieving selectivity remains a formidable challenge, primarily due to the structural similarity 
of ATP binding pockets among kinases. Allosteric inhibition, which involves targeting binding pockets 
beyond the ATP-binding site, provides a promising alternative to overcome this challenge. In this 
study, a meticulous approach was implemented to prioritize type 3 inhibitors for LIMK2, employing a 
range of techniques including Molecular Dynamics (MD) simulations, e-pharmacophore-guided High 
Throughput Virtual Screening (HTVS), MM/GBSA and ADMETox analyses, Density Functional Theory 
(DFT) calculations, and MM/PBSA investigations. The e-pharmacophore model identifies a hypothesis 
featuring five essential pharmacophoric elements (RRRAH). Through virtual screening of the ZINC com
pound database, we identified only five compounds that align with all four pharmacophoric features: 
ZINC1044382792, ZINC1433610865, ZINC1044109145, ZINC952869440, and ZINC490621334. These 
compounds not only exhibit higher binding affinity but also demonstrate favorable ADME/Tox profiles. 
Molecular dynamics simulations underscore the stability of hydrogen bond interactions with critical 
cryptic LIMK2 pocket residues, Asp469 and Arg474, only for two compounds: ZINC143361086 and 
ZINC1044382792. These compounds also exhibit superior occupancy interactions, as indicated by 
HOMO-LUMO analysis. Additionally, binding free energy calculations highlight the significant affinities 
of these two compounds when complexed with LIMK2: −83.491 ± 1.230 kJ/mol and −90.122 ± 1.248 kJ/ 
mol for ZINC1044382792 and ZINC1433610862, respectively. Hence, this comprehensive investigation 
identifies ZINC1433610862 and ZINC1044382792 as prospective hits, representing promising leads for 
targeting LIMK2 in cancer therapeutics.
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Introduction

LIM kinases (LIMKs) are the essential regulators for the cell 
cytoskeleton, which plays a major role in the development of 
various neurological disorders and also in the progression 
and spread of cancer. There are two homologs in the family 
of LIMK, including LIMK1 and LIMK2. Both are distinguishable 
in terms of expression profile, function, and intracellular 
localization. The core substrate of the LIMK is cofilin, which is 
a member of a family of actin-depolymerizing factor (ADF) 
proteins. The regulation of the actin cytoskeleton is carried 
out by LIM-kinases, which achieves this by phosphorylating 
cofilin at Ser3, as well as the substrates for Cdc42/Rac-PAK 
(Morales-Quinones et al., 2020; Sumi et al., 1999). This phos
phorylation hinders the activity of cofilin, resulting in 
reduced depolymerization of actin filaments and thereby sta
bilizing it. LIM-kinase plays a role in a signal transduction 
pathway that facilitates the transmission of environmental 
signals via small GTPases of the Rho family through a protein 

kinase cascade (Maekawa et al., 1999). This pathway plays a 
crucial role in governing actin cytoskeleton responses, includ
ing cell movement, establishing the intracellular cytoplasmic 
organization, cell polarity, and various other functions that 
are vital for maintaining cellular homeostasis and ensuring 
survival. The regulation of cell progression can be influenced 
by the translocation of LIMKs into the nucleus. LIMKs possess 
a distinct feature, making them promising candidates for 
therapeutic targeting in tumors that lack merlin, like NF2.

The LIM kinases are involved in various cellular functions 
and also over-expressed in various types of cancers, however, 
the mechanism remains unclear. Recent studies have discov
ered that LIMK modulates the activity of the development of 
cancer, including cell proliferation, survival, and viability. The 
LIM domains exhibit auto-inhibition of the kinase domain of 
the proteins, which become activated via phosphorylation. 
Although LIMK1 is linked to the spread of cancer, LIMK2 acti
vation facilitates advancement through the cell cycle. LIM 
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Domain Kinase 2 (LIMK2) serine/threonine kinase plays a cru
cial role in actin filament dynamics regulation due to its 
over-expression, growth, and invasion of numerous malig
nant tumors, including bladder cancer, osteosarcoma, glio
blastoma, pancreatic cancer, lung cancer, and Triple Negative 
Breast cancer (Su et al., 2017, 2019, 2022). Furthermore, cer
tain studies have also suggested that the expression and 
activity of LIMK2 increase following treatment with anti
cancer drugs, which has led to the implication of LIMK2 in 
drug resistance (Croft et al., 2011). Previous studies suggest 
that the expression of LIMK2 is also associated with deprived 
prognosis in many cancers. Due to the unclear mechanisms 
underlying LIMK-related tumorigenesis, there is a need to 
analyze the tumorigenic effects of LIM kinase 2 (LIMK2) in 
human cancers (Sooreshjani et al., 2021). Additionally, recent 
investigations have revealed that LIMK2 30-UTR SNP 
rs2073859 (G-to-A allele) is associated with clinical features 
(Wang et al., 2019). Although the research focuses on various 
targets to combat malignant tumors, LIMK is a highly prom
inent target for many human cancers (Berabez et al., 2022; 
Manetti, 2012; Yoshioka et al., 2003). To date, only a few sub
strates are known for LIMK, and it will act as a potential 
tumor suppressor for human cancer and also can be used to 
understand the molecular mechanism. Lately, there has been 
much attention focused on creating pharmacological kinase 
inhibitors to address many cancers. Moreover, the advance
ment of a broad range of synthetic small-molecule kinase 
inhibitors has influenced the available treatment options 
(Zhang et al., 2009). The majority of the developed molecules 
fall under the category of LIMK type I inhibitors, which aim 
to inhibit the ATP-binding site in its active conformation 
(Fasano et al., 2014). Due to the significant similarity in the 
sequence of the ATP-binding site among the various kinase 
families, there is often reduced selectivity and an increased 
risk of toxicity when using kinase inhibitors. As a result, drug 
development strategists are exploring alternative approaches 
that target sites outside of the ATP cleft. One such approach 
involves Type III or allosteric inhibitors, which bind to site 
beyond the ATP-binding site and have demonstrated the 
ability to inhibit kinase activity.

There are various inhibitors available for kinases which are 
divided into three classes Type I, Type II, and Type III inhibi
tors. Type I inhibitors work by binding to the ATP-binding 
pocket and competing with the adenine component of ATP 
for crucial hydrogen-bonded interactions located in the 
‘hinge region’. Type II inhibitors were first identified with the 
detection of imatinib (Zhao et al., 2014). The Type II inhibi
tors bind not only to the ATP-binding pocket but also to a 
hydrophobic, allosteric pocket that is formed when the Asp- 
Phe-Gly (DFG) residues of the activation loop move away 
from their normal position (‘DFG-out’) and stabilize an 
inactive conformation of the kinase (Blanc et al., 2013; 
Richters et al., 2014). Moreover, a few Type III inhibitors also 
have been identified recently (Dasari et al., 2021; Fasano 
et al., 2014; Goodwin et al., 2015; Heymach et al., 2022). 
They bind to the kinase’s catalytic domain, which is close to 
the ATP-binding pocket but without interacting with the 
hinge region. This type of inhibitor encompasses molecules 

that attach to the hydrophobic pocket generated by the 
DFG-out conformation (Okaniwa et al., 2012). The first Type 
III allosteric inhibitor reported for LIMK2, is a set of com
pounds that possess both N-phenyl sulfonamide and tertiary 
amide moieties that demonstrated exceptional potency 
against LIMK2 and remarkable selectivity against a range of 
other kinases. The Type III kinase inhibitors, referred to as 
allosteric inhibitors, bind to a location outside the ATP-bind
ing site and exert to reduce the activity of the kinase. This 
group of inhibitors takes advantage of the allosteric charac
teristics of kinases. Allosteric refers to the holistic redistribu
tion of protein conformational ensembles, resulting in 
various dynamic and functional effects. To overcome the cur
rent challenges associated with kinase inhibitors, such as 
poor selectivity and the emergence of drug resistance, tar
geting allosteric pockets outside of the highly conserved ATP 
pocket of kinases has been considered a promising alterna
tive approach.

Small molecule kinase inhibitors have significant value as 
targeted therapeutics in the treatment of various human dis
eases, with a particular emphasis on their effectiveness in 
treating cancer (Wu, Nielsen, & Clausen, 2015b). Although 
the majority of preclinical small molecule inhibitors that have 
been developed and approved to target the ATP-binding 
pocket of kinases are classified as either Type I or Type II 
inhibitors, the high level of sequential and structural similar
ity among ATP pockets poses a significant challenge for 
achieving selective kinase inhibition (Wu, Clausen, & Nielsen, 
2015a; Wu, Nielsen, & Clausen, 2015b). Recent investigations 
discuss the current understanding of allosteric inhibition, 
including its conceptual framework, classification, potential 
benefits, and contentious issues in the area (Wu, Clausen, & 
Nielsen, 2015a). In 2020, the US FDA approved four small 
molecule protein kinase antagonists: entrectinib, erdafitinib, 
pexidartinib, and fedratinib (Roskoski, 2020). By the year 
2022, around two dozen distinct protein kinases were tar
geted by 62 FDA approved therapeutic agents (Roskoski, 
2021). As of 2023, 72 FDA approved therapeutic agents tar
get around two dozen distinct protein kinases, and in 2022, 
three of these drugs received approval (Roskoski, 2023). Even 
though the kinase and allosteric inhibitors have vast pharma
cological properties, lipophilic efficiency, and ligand effi
ciency, the issue is further complicated by the likelihood of 
some allosteric pockets being involved in protein-protein 
and protein-peptide interactions, also bringing about con
formational changes leading to drug resistance. In the con
text of cancer therapy, the potential benefits of 
incorporating allosteric inhibitors outweigh the associated 
risks. TKIs (Tyrosine Kinase Inhibitors) are known to cause 
dose-dependent adverse effects, and each drug has a unique 
broad side effect profile. However, due to similarities in drug 
targets, different classes of TKIs may exhibit similar side 
effect profiles (Jiao et al., 2018; Roskoski, 2023). One of the 
most significant issues with both targeted and cytotoxic 
drugs used in the treatment of cancer is the development of 
resistance to all therapeutic modalities. Therefore, it is rea
sonable to anticipate that combining various types of kinase 
inhibitors, such as ATP-competitive inhibitors, allosteric 
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inhibitors, and covalent inhibitors, could result in holistic kin
ase suppression and thereby lead to beneficial anticancer 
effects in clinical oncology settings.

Materials and methodology

Molecular modelling and molecular dynamics 
simulation

Among the available LIMK2 crystal structures, PDB ID: 5NXD 
(Mathea et al., 2017), LIMK2 co-crystallized with Type III 
inhibitor was considered as it was more relevant for this 
study. Since the structure had missing residues, E478-N509, 
appending the XDFG and Activation loop (Fig. S1a supple
mentary material), remodeling and refinement were per
formed using MODELLER10v (Eswar et al., 2006). From the 
generated models, the one with the least DOPE score was 
considered the best model and was subjected to a stereo
chemistry check by the Ramachandran plot using PROCHECK 
(Laskowski et al., 1993). The highly plausible model was fur
ther validated for structural stability using molecular dynam
ics simulation studies. The initial preprocessing steps for 
molecular dynamics (apo and other complexes) were per
formed using the CHARMM-GUI server (Jo et al., 2008) with 
CHARMM36m (Huang et al., 2017) as the force field. Wherein, 
the bonded constraints were handled with the LINCS algo
rithm (Hess et al., 1997), and the V-rescale weak coupling 
method was used for NVT equilibration at a constant tem
perature of 300K (Berendsen et al., 1984) for the system. In 
the case of NPT equilibration (at 1 atm), the Parrinello– 
Rahman method was incorporated into the system. The 
resultant equilibrated system was subjected to 200 ns MD 
simulation using the GROMACS2020v package, wherein the 
structural conformations were sampled at every 2 ps. 
Furthermore, the resulting MD trajectory was analyzed fur
ther for Root Mean Square Deviation (RMSD) of the protein 
backbone, and Root Mean Square Fluctuations (RMSF) of the 
residues during the production run. Moreover, essential 
molecular dynamics simulations such as PCA and FEL analysis 
(Maisuradze et al., 2009) were also performed to probe the 
near-native conformations of the complex and were consid
ered for further studies.

Pharmacophore modelling

The pharmacophore approach involves identifying the spe
cific molecular features required for a molecule to bind to a 
particular receptor which can be utilized as a guiding factor 
to perform virtual screening of vast compound libraries for 
the precise selection of the most promising candidates. The 
attempted structure-based method utilized the pharmaco
phore models of the ligands to establish the geometric con
straints and type of chemical features. The PHASE 
(Pharmacophore Alignment and Scoring Engine) module of 
the Schr€odinger suite was implemented to generate the 
pharmacophoric site, and based on the documented process 
of ranking and quantification, the final hypotheses were pri
oritized (Dixon, Smondyrev, & Rao, 2006). To rank the 

pharmacophoric hypotheses, common pharmacophoric fea
tures such as hydrogen bond acceptor (A), hydrogen bond 
donor (D), hydrophobic region (H), positive ionizable (P), 
negative ionizable (N), and aromatic ring (R) were used 
(Dixon, Smondyrev, Knoll et al., 2006). In this study, the near- 
native conformation of the LIMK-TH300 complex as predicted 
by MD was considered for pharmacophore feature gener
ation, wherein the maximum number of features per hypoth
esis was set to 4-5, and other parameters were set to default 
values in the PHASE module. In the final hypotheses, sites 
that contribute to less than half of the heavy atoms in the 
pharmacophoric features were excluded. Finally, screening 
was carried out for the ZINC database 383,598,054 lead-like 
compounds against the generated and validated Hypothesis 
to generate the PhaseDB. Among the 383,598,054 com
pounds, the compounds that satisfy the hypothesis model 
with at least 4 pharmacophoric sites were shortlisted. 
Additionally, the compounds were sorted according to their 
fitness score, and the ligand conformer that best matched 
the hypotheses was aligned using vector matching and 
RMSD site evaluation. Subsequently, the generated dataset 
was considered for further High throughput virtual screening 
(HTVS) against LIMK2 (a grid box generated around the 
TH300 interacting residues) using the Glide module (Friesner 
et al., 2004). A stepwise structure-based virtual screening 
(SBVS) approach such as HTVS standard precision (SP) and 
extra precision (XP) docking was implemented to identify the 
potential lead molecule against LIMK2 (Friesner et al., 2006). 
Initially, the compounds were subjected to HTVS mode 
(50%), then the surpassed compounds from HTVS were fur
ther submitted to the SP (30%). Finally, from the 100% of 
hits that passed the XP docking [Glide (version 6.2). New 
York, NY: Schrodinger, LLC (2014)], based on the glide score, 
and glide energy, the top hits were shortlisted and were pro
ceeded for drug likeliness and ADME prediction.

ADME/Tox prediction

The Qikprop module was utilized to predict the pharmaco
logical properties of the identified compounds. QikProp is a 
software tool that swiftly and precisely forecasts crucial char
acteristics such as absorption, distribution, metabolism, 
excretion, and pharmaceutical properties of organic mole
cules/chemical compounds (Duffy & Jorgensen, 2000; 
Jorgensen & Duffy, 2002). It offers user-friendly functionality 
for predicting meaningful descriptors and relevant properties. 
Furthermore, QikProp generates a range of values that can 
be used to compare specific properties of a molecule with 
those of 95% of known drugs. It also identifies 30 types of 
reactive functional groups that could potentially produce 
false positive results in high throughput screening assays. 
The physicochemical characteristics of the molecules were 
thoroughly evaluated, including their Molecular Weight 
(MW), octanol/water partition coefficient (QPlogPo/w), aque
ous solubility (QPlogS), skin permeability (QPlogKp), percent
age of human oral absorption, and the descriptor values that 
fall outside the 95% range of similar values for known drugs. 
QikProp also assesses the suitability of the hit molecules by 
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applying Lipinski’s rule of five, which is a significant factor in 
pharmacokinetics and rational drug design. Also, all the top- 
ranked compounds were further subjected to the SwissADME 
to validate the drug-likeness, ClogP, solubility, tumorigenic, 
TPSA, mutagenic effects, and other pharmacokinetic proper
ties (Bakchi et al., 2022 Daina et al., 2017; Riyadi et al., 2021).

MM/GBSA analysis

The Molecular Mechanics Generalized Born and Solvent 
Accessibility (MM/GBSA) (Tuccinardi, 2021) method was 
employed to examine the binding affinities and strain ener
gies of the foremost five lead compounds with the protein. 
The OPLS-AA force field was utilized to compute the ligand 
binding affinity within the active site residues, employing the 
solvation model for both polar solvation (SGB) and non-polar 
solvation (GNP). Furthermore, the intrinsic steric energy of 
the ligand and the intermolecular interactions within the 
protein-ligand complexes were computed through the 
assessment of binding energy. The alterations in binding free 
energy (DG) for the bound ligand within the LIMK binding 
pocket were determined using the following expression.

G ¼ DEMM þ DGSGB þ DGSA 

where, the term DEMM represents the gas phase molecular 
mechanics (MM) energy, and the solvent generalized Born 
(GB) model was applied to compute the surface generalized 
Born (SGB) energy utilizing the default parameters. The 
change in solvation free energy (DGSA SASA) was computed 
using the Linear Combinations of Pairwise Overlap (LCPO) 
method, where Gprotein, Gligand, and Gcomplex represent the 
minimized solvation energies of the protein, ligand, and the 
protein-ligand complex, respectively (Genheden & Ryde, 
2015).

Density functional theory

The DFT approach is a computational quantum mechanics 
(QM) method used to study the electronic structure of many- 
body systems, including atoms, molecules, and condensed 
phases. For the DFT calculations, the Jaguar module of the 
Schr€odinger suite was employed to examine the energetic 
and geometrical properties of the potential top drug-like 
compounds (Bochevarov et al., 2013). The calculations uti
lized the B3LYP-D3 exchange potential (Becke’s three-param
eter exchange potential) and the Lee-Yang-Parr correlation 
hybrid function, with a basis set of 6–31 G�þþ level (Lehtola 
et al., 2021). The Highest Occupied Molecular Orbital (HOMO) 
is directly linked to the ionization potential and acts as a 
nucleophile. The Lowest Unoccupied Molecular Orbital 
(LUMO) is associated with electron affinity and acts as an 
electrophile. The reactivity and stability of the ligands in this 
study were assessed by calculating the energy gaps and the 
distribution and energies of the HOMO and LUMO orbitals 
(Noureddine et al., 2021; Shahab et al., 2021).

MM/PBSA

MM/PBSA is an integrated molecular dynamics simulation 
technique employed to calculate the binding free energy 
within the specific active site between a protein and a lig
and. The analysis of Gibbs’s free energy calculations was per
formed using the g_mmpbsa.py script, which is integrated 
with the Gromacs. Further, the analysis was conducted for 
every 200 frames of the MD simulation to calculate the bind
ing free energy of the complexes. The equation provided 
below can be used to calculate the binding free energy for 
biological complexes.

DGbind ¼ DGcomplex − DGprotein þ DGligand
� �

The binding affinity, represented as DGbind, is determined 
by the sum of the free energies of the biological complexes, 
which include DGprotein (free energy of the protein), DGligands 

(free energy of the ligands), and DGcomplex (total free energy 
of the complex) (Botello-Smith & Luo, 2015; Kumari et al., 
2014; Wang et al., 2017).

Results and discussion

Molecular modelling and molecular dynamics 
simulation

Since there was a missing segment (E478-N509) following the 
XDFG and Activation loop in the LIMK2-TH300 complex (PDB 
ID: 5NXD) (Figure.S1a, supplementary material), the structure 
was remodeled (Figure S1b, supplementary material). Further 
on refinement, the remodelled and refined LIMK2-TH300 com
plex (Figure 1) structure showed 92.7% in the most favored 
region with no residues in the disallowed region of the 
Ramachandran plot (Figure. S2, supplementary material). The 
molecular dynamics simulation analysis of the refined LIMK2- 
TH300 complex showed that the system has attained the least 
RMS deviations of � 0.35 nm initially (Figure 2a). After �74 ns 
the system showed higher deviations of � 0.6 nm, however, 
from �130 ns it has equilibrated well and tends to converge 
till the end of the MD production run. The RMS deviations of 
the LIMK2-TH300 complex tend to be highly converged and 
well equilibrated than apo LIMK2 (Figure S4a, supplementary 
material). In the case of protein-ligand RMSD analysis (Figure 
S3a, supplementary material), the well-equilibrated ligand has 
shown the least deviations of � 0.18 nm with a higher degree 
of convergence, whereas the LIMK2 has shown higher devia
tions of � 0.6 nm. Subsequently, on analyzing the domain- 
based backbone RMSD of LIMK2 (Figure 2b), it was observed 
that the C lobe domain features a higher RMS deviation of �
0.6 nm, than the N lobe domain which is well equilibrated 
with the least RMS deviation of � 0.3 nm. This reveals that 
the higher deviation of the complex is highly due to the N- 
lobe of LIMK2. From the RMSF plot (Figure 2c), it was 
observed that overall, the C-Lobe residues feature higher fluc
tuations than the N-lobe residues. In specific, the loop seg
ment of the C-lobe that follows the XDFG motif, namely the 
residues, Met485- Thr489 (� 0.937 − 1.426) has shown higher 
fluctuations than that of the apo LIMK2 (Figure S4b, supple
mentary material). The inter-hydrogen bond interaction 
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analysis (Figure 2d) showed that nearly 4 H-bonds have attrib
uted to the stability of the LIMK2- TH300 complex. However, 
on average only � 2 H-bonds are maintained throughout the 
MD production run. The FEL analysis resulted in only one near- 
native cluster (Figure 3a), which represents the stable conform
ation of the complex. In the analysis of the FEL contour plots 
for both the apo (Figure S5a, supplementary material) and the 

allosteric inhibitor (TH300)-bound state of LIMK2 (Figure 3a), it 
was observed that, the apo LIMK2 exhibited two near-native 
clusters, whereas the TH300-bound state showed a single near- 
native cluster. This suggests that apo LIMK2 has a greater cap
acity for undergoing conformational transitions compared to 
the inhibitor-bound state. A structural comparative analysis of 
the near-native conformations of apo LIMK2, extracted at the 

Figure 1. Remodelled and refined LIMK2-TH300 complex (PDB ID: 5NXD) and the schematic representation of two-dimensional interaction of LIMK2 with TH300.

Figure 2. Molecular dynamics simulation analysis of LIMK2-TH300 complex (a) RMSD plot (b) Comparative RMSD analysis of Nlobe and Clobe of LIMK2 (c) RMSF 
analysis (d) inter-hydrogen analysis of LIMK2 with TH300.
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49.5th ns (near-native cluster 1) and 64th ns (near-native cluster 
2), revealed that these conformational states were primarily 
influenced by transitions in the loop segment (A468-A514) 
composed of XDFG and the activation loop (a.l) (Figure S5b, 
supplementary material). In the case of LIMK2-TH300, only one 
near-native cluster was observed, indicating that the interac
tions of TH300 with the XDFG residues (A468-G471) and L472, 
as well as Arg474 (a.l), contributed to the restricted movement 
of the loop segment (A468-A514). Upon a comparative inter
action analysis of the representative near-native conformation 
of the LIMK2-TH300 complex extracted at the 76th ns 
(Figure 3b), in comparison to the initial conformation, it 
was observed that only Arg474 (of a.l) maintained a stable 
hydrogen bond with TH300 (Figure 3c).

Pharmacophore-based virtual screening

In this study, an energetically optimized ligand-based 
pharmacophore hypothesis was generated for selected refer
ence compound (TH300) from their corresponding retrieved 
frames to extract features of Type III inhibitor for LIMK2. The 
generated hypothesis had five featured pharmacophores 
(RRRAH), including three aromatic rings (R7, R8, R9), one 
hydrophobic group (H6), and one hydrogen bond acceptor 
(A3) as shown in Figure 4 with reference ligand for the best 
pharmacophore model.

After undergoing all primary filtration processes, the filtered 
compounds were then subjected to virtual screening with the 
generated pharmacophoric hypothesis. Among the compounds, 
only 8,35,500 compounds satisfy the four Pharmacophoric fea
tures as that of the reference ligand. Following the HTVS and 
SP Mode, the resulting compounds were further subjected to 
XP Mode, which resulted in 557 compounds (the top 10% of 
the SP mode). After the overall filtration process, based on the 
docking score, glide energy, and fitness score, among the 

top 10 compounds (Table 1), except for compounds 
ZINC1349067047, ZINC1649903059, and ZINC735522383 with 
low fitness score, the other compounds were considered for 
ADME/Tox analysis. Amongst the 7 compounds (Tables 2 and 3), 
only five compounds exhibited better pharmacokinetic prop
erties: ZINC1044382792, ZINC1433610865, ZINC1044109145, 
ZINC952869440), and ZINC490621334. Therefore, the five 
identified compounds (Table 4) were subjected to re-ranking 
based on their Molecular Mechanics Generalized Born Surface 
Area (MM/GBSA) score. It was observed that ZINC1433610865 
and ZINC1044109145 have significant binding free energy 
scores of − 45.61 kcal/mol and −45.89 kcal/mol, respectively 
and also which has higher than the other compounds. In 
summary, the calculated binding free energy of the protein- 
ligand complexes is within the range of − 31.32 kcal/mol to 
− 45.89 kcal/mol. Based on the MM/GBSA analysis, it can be 
concluded that the van der Waals (DGVdW) and coulomb 
(DGcol) terms are the primary contributors to the favorable 
binding of the ligands to the LIMK2 (Table S1, supplementary 
material). The binding mode analysis of the complexes (Table 
4 & Table S2, Figure 5), infers that in LIMK2-ZINC1044382792 
complex the amine group of the residue Asp469 shared a 
hydrogen bond (2.29 Ð) to the amine group of the ligand 
molecule. The other hydrogen bonds were formed by the car
bonyl group of the residues Glu406 and Ile408 with the 
amine group of the ligand with a distance of 2.62 Ð and 1.77 
Ð respectively. Moreover, the LIMK2-ZINC1044382792 com
plex stability was enhanced by the hydrophobic residues 
including Leu337, Val358, Met380, Leu389, Phe391, Leu403, 
Tyr407, Leu458, Val467, Ala468, Phe470, and Leu472. While 
binding mode analysis of the LIMK2-ZINC1433610865 com
plex revealed the four hydrogen bonds and it was found that 
the carbonyl group of the residue Asp469 formed the hydro
gen bond with the amine group of the ligand (2.31 Ð). 
Another interaction was observed between the amine group 

Figure 3. (a) 2D contour free energy Landscape plot of LIMK2-TH300 complex (b) Representative near-native conformation of LIMK2-TH300 complex obtained at 
76th ns (c) 2D interaction analysis of near-native LIMK2-TH300 complex.
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of the residue Phe391 and the carbonyl group of the ligand 
with a distance of 1.86 Ð. Meanwhile, there are two hydrogen 
bonds were noted in the residue Leu389 from the carbonyl 
group to the hydroxyl group of the ligand. The additional 
hydrophobic residues (Ala345, Val358, Met359, Leu362, 
Met380, Leu383, Val388, Leu403, Phe470, Leu472, and 
Arg474) are present in the binding pocket to aid the stable 

binding of the complex. In the LIMK2-ZINC1044109145 complex, 
it was observed that the amine group of the ZINC1044109145 
moiety formed a hydrogen bond with the carbonyl group of 
Asp469 at a distance of 2.31 Ð. Also, the same residue was 
found with another hydrogen bond interaction from the amine 
group to the ligand’s hydroxyl group with a distance of 2.36 
Ð. Also, it could be noted that the residue Lys360 formed the 

Figure 4. Pharmacophore hypothesis of the reference ligand (TH300).

Table 1. Summary of the top-ranked compounds based on their docking score, docking energy, and phase screen score obtained from virtual screening studies.

Compound ID
Num Sites  
Matched Matched Ligand Sites

Align  
Score Fitness

Phase Screen  
Score XP GScore

Glide  
gscore

Glide Energy  
(kcal/mol)

glide emodel  
(kcal/mol)

ZINC1044382792 4 A(6) H(11) R(13) R(12) R(–) 1.19 1.28 1.28 –9.13 –9.13 –44.27 –62.03
ZINC1433610865 4 A(6) H(10) R(13) R(12) R(–) 0.8 1.63 1.63 –8.33 –8.33 –44.54 –62.86
ZINC1044109145 4 A(6) H(11) R(12) R(13) R(–) 1.04 1.18 1.18 –7.74 –7.74 –44.53 –63.75
ZINC952869440 4 A(3) H(8) R(9) R(10) R(–) 0.90 1.33 1.33 –7.70 –7.70 –38.33 –56.77
ZINC490621334 4 A(7) H(9) R(11) R(13) R(–) 1.34 1.06 1.06 –7.31 –7.31 –40.07 –59.33
ZINC1418471164 4 A(5) H(9) R(11) R(12) R(–) 0.95 1.11 1.11 −9.31 −9.31 −49.00 −66.39
ZINC1349067047 4 A(4) H(7) R(9) R(8) R(–) 1.13 0.69 0.69 −9.27 −9.27 −41.11 −59.43
ZINC1649903059 4 A(3) H(10) R(12) R(–) R(11) 1.52 0.72 0.729 −9.19 −9.19 −47.54 −69.17
ZINC735522383 4 A(4) H(10) R(11) R(–) R(12) 1.43 0.66 0.66 −9.07 −9.07 −47.21 −69.92
ZINC951446194 4 A(5) H(11) R(13) R(12) R(–) 0.64 1.22 1.22 −9.07 −9.07 −42.12 −55.20

Table 2. ADME analysis and pharmacological properties of screened top-ranked compounds.
aCompound ID bMol MW cdonorHB daccptHB eQPlogS fQPlogPw gQplog Po/w hQPlogHERG iQPPCaco jQplog BB kQPP MDCK lPercent of HOA

ZINC1044382792 289.296 2 8.2 −3.25 13.91 0.465 −5.08 111.98 −1.60 46.41 66.343
ZINC1433610865 294.313 3 9.4 −2.419 15.14 0.177 −4.73 119.79 −1.84 49.91 65.181
ZINC1044109145 295.318 2 9.2 −3.013 14.42 −0.117 −4.69 79.35 −1.65 55.95 60.262
ZINC952869440 292.297 1 8.5 −2.352 11.77 0.513 −3.96 315.54 −0.99 142.19 74.678
ZINC490621334 273.257 1 9 −2.468 12.73 −0.242 −4.73 97.99 −1.67 40.17 61.166
ZINC1418471164 292.3 2 10.5 −0.812 14.96 −1.186 −5.09 16.019 −1.567 6.276 41.563
ZINC951446194 290.284 2 8 −2.802 12.942 −0.185 −4.384 22.678 −2.386 8.259 50.123
aCompound ID.
bMolecular weight, in Da (range for 95% of drugs: 130–725 Da).
cNo: of Hydrogen bonds donated by the molecule (range for 95% of drugs: 0–6).
dNo: of Hydrogen bonds accepted by the molecule (range for 95% of drugs: 2–20).
ePredicted aqueous solubility; S in mol/L (acceptable range: –6.5 to 0.5).
fPredicted water/gas partition coefficient (acceptable range: 4.0 to 45.0).
gPredicted octanol/water partition co-efficient log P (acceptable range: –2.0 to 6.5).
hlog HERG, HERG Kþ channel blockage (concern below –5).
iApparent Caco-2 permeability (nm/s) (<25 poor, >500 great).
jPredicted brain/blood partition coefficient (acceptable range: –3.0 to 1.2).
kApparent MDCK permeability (nm/s) (25 poor, >500 great).
lPercentage of human oral absorption (<25% poor and >80% is high).
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p-cation interaction with the pyridine ring of the ligand mol
ecule. Furthermore, the binding stability could be significantly 
improved by the presence of common hydrophobic residues, 
with Phe341, Met380, Leu383, Val388, Leu389, Phe391, 
Leu403, Leu442, Val467, Ala468, Phe470, Leu472 playing a cru
cial role in enhancing complex stability. The LIMK2- 
ZINC952869440 complex showed the hydrogen bond was 
noticed between the amine group of the ligand and the car
bonyl group of residue Asp469, at a distance of 1.94 Ð. In the 
meantime, the complex exhibited an interaction, where the 
amine group of the Asp469 formed a hydrogen bond with 
the carbonyl group of ligand (1.85 Ð). Additionally, the amine 
group of the residue Arg474 interacted with the carbonyl 
group of the ligand by hydrogen bond formation. As well, the 
complex stability was also enhanced by the hydrophobic resi
dues Val358, Leu362, Met380, Leu383, Val388, Leu389, Phe391, 
Leu403, Leu442, Val467, Ala468, Phe470, and Leu472. The 
LIMK2- ZINC490621334 complex revealed the interaction pat
tern of three hydrogen bonds. Among the three interactions, 
the residue Asp469 exhibited the two interactions, and the 
first interaction was observed between the amine group of 
the ligand and carbonyl group of the residue distance with 
2.41 Ð. The second interaction was found from the nitrogen 
atom of the ligand to the amine group of the Asp469 (2.00 
Ð). The additional interaction was to be noticed with the dis
tance of 1.92 Ð from the hydroxyl group of the ligand to the 
hydroxyl group of the residue Thr405. Furthermore, it is worth 
mentioning that the complex’s binding stability is ensured by 
the presence of hydrophobic residues, such as Leu337, 
Phe342, Val358, Met380, Val388, Leu389, Phe391, Leu403, 
Leu458, Val467, Ala468, Phe470, and Leu472. These residues 
play a crucial role in enhancing the stability of the complex. 

The results indicate that the identified inhibitors exhibits a 
higher binding affinity to the protein and forms stable hydro
gen bonds with the protein. Importantly, all of these hydro
gen bonds were found to be formed within a proximity of 3 
Ð, suggesting favorable interaction between the inhibitors 
and the protein.

Overall, the interaction analysis of the identified compounds 
(Table 4 & Table S2, Figure 5), showed that Asp469 (‘D’ FG 
motif), Leu389 (b.l), Phe391 (b4), Thr405 (G.K), and hinge resi
dues, namely, Glu406, Ile408 of LIMK2 were observed to have 
formed hydrogen bonds with the compounds. Other than 
hydrogen bonds, only the compound ZINC1044109145 has 
been observed to have crucial p-cation interaction with Lys360 
(bIII). Further, for the prioritized top five identified compounds, 
each of these in complex with LIMK2 was subjected to 
molecular dynamics (MD) simulation analysis to assess the sta
bility of the complex formation.

Density functional theory

Density Functional Theory calculations of the identified top 
compounds were performed to determine the chemical 
reactivity and stability based on their theoretical energies of 
frontier molecular orbitals. Table 5 depicts the identified top 
compounds’ molecular orbitals, including HOMO, LUMO, and 
Gap energy. Further, the stereo electronic properties and 
atomic contribution of the top compounds were examined, 
and respective plots were shown in Figure S6 & Figure 6. 
The calculated theoretical energies indicate that the gap 
energy for all the compounds obtained is within an average 
range of − 0.08 eV to − 0.23 eV, which implies their molecu
lar reactivity. Among the shortlisted compounds, compound 

Table 3. Swiss ADME/Tox analysis and pharmacological properties of Screened top ranked compounds.

S. No Compound Code MW (g/mol) HBd HBa LogP LogS GI Absorption Leadlikliness TPSA (Å2)

1. ZINC1044382792 289.29 3 6 0.74 –1.29 High Yes 119.92
2. ZINC1433610865 294.31 3 6 1.23 –0.03 High Yes 118.09
3. ZINC1044109145 295.32 3 3 0.83 –1.90 High Yes 148.16
4. ZINC952869440 292.29 1 5 1.99 –1.08 High Yes 103.81
5. ZINC490621334 273.25 1 7 1.60 1.60 High Yes 116.30
6. ZINC1418471164 292.30 2 7 1.72 −0.66 Low Yes 121.69
7. ZINC951446194 290.28 3 6 0.21 −0.99 Low Yes 132.55

Table 4. The optimal binding free energy score and interaction pattern analysis of the top obtained from virtual screening studies.

S.No. Compound ID
MM/GBSA �G Bind  
(kcal/mol) Hbond Interactions Hydrophobic Residues Other Non-Bonded Contacts

1 ZINC1044382792 –44.67 Glu406, Ile408,  
Asp469

Leu337, Val358, Lys360, Met380, Leu389, Phe391, 
Leu403, Thr405, Tyr407, Gly411, Leu458, 
Val467, Ala468, Phe470, Leu472

Lys360, Thr405, Gly411

2 ZINC1433610865 –45.61 Leu389, Phe391,  
Asp469

Ala345, Val358, Met359, Lys360, Leu362, Met380, 
Leu383, Val388, Lys390, Leu403, Thr405, 
Phe470, Gly471, Leu472, Arg474

Lys360, Lys390, Thr405, 
Gly471, Arg474

3 ZINC1044109145 –45.89 Asp469 Phe341, Met380, Leu383, Val388, Leu389, Lys390, 
Phe391, Leu403, Thr405, Leu442, Hsd449, 
Val467, Ala468, Phe470, Leu472

Lys360 (-cation), Lys390, 
Thr405, Hsd449

4 ZINC952869440 –31.32 Asp469, Arg474 Val358, Lys360, Glu361, Leu362, Met380, Leu383, 
Val388, Leu389, Phe391, Leu403, Thr405, 
Leu442, Val467, Ala468, Phe470, Gly471, 
Leu472

Lys360, Glu361, Thr405, 
Gly471

5 ZINC490621334 –44.90 Thr405, Asp469 Leu337, Phe342, Gly343, Val358, Lys360, Met380, 
Val388, Leu389, Phe391, Leu403, Thr412, 
Hsd455, Leu458,,Val467, Ala468, Phe470, 
Leu472

Gly343, Lys360, Thr412, 
Hsd455
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2 (ZINC1433610865) was observed with the least HOMO- 
LUMO energy gap value was found to be

− 0.23 eV has exhibited higher electron accepting ability 
(LUMO energy) and lower electron-donating capability 
(HOMO energy). Moreover, it was observed that the HOMO 
energy of the top five compounds is greater than their 
LUMO energy and the reference inhibitor also scored lower 
gap energy than the identified compounds. These results 
indicate a substantial donor quality of the compounds that 
results in a robust and stable interaction between the com
pounds and the LIMK2 protein.

Molecular dynamics simulation analysis of the 
complexes

On comparative analysis of the LIMK2-inhibitor complexes, it 
was observed from the RMSD plot (Figure 7a), that the 
LIMK2-ZINC952869440 complex showed higher RMS devia
tions of � 0.62 nm followed by LIMK2-ZINC1044109145 com
plex with the deviation of � 0.58 nm than other complexes. 
However, complexes LIMK2-ZINC952869440 and LIMK2- 

ZINC1044109145 have attained equilibrium after � 50 ns and 
� 86 ns, respectively, and have tended to converge till the 
end of the MD production run. In contrast, the other com
plexes are observed to be well equilibrated with a least RMS 
deviation of � 0.45 nm. On analyzing the LIMK2 and inhibitor 
RMSD profiles (Figure S3b-f, supplementary material), all the 
inhibitors were observed to be well equilibrated and con
verged with the least RMS deviations than LIMK2. In the case 
of LIMK2 domain-based RMSD profiling (Figure S7a & S7b, 
supplementary material), the N-lobe of LIMK2- 
ZINC1044109145 complex has shown higher RMS deviations 
of � 0.56 nm, while the C-lobe of LIMK2-ZINC952869440 
complex showed higher RMS deviations of � 0.60 nm than 
other complexes. This elucidates that the respective RMS 
deviations of these complexes have been highly attributed 
to the drastic RMS deviation of the C-Lobe. From the com
parative RMSF plot analysis (Figure 7b, Figure S7c & S7d, 
supplementary material), it was inferred that the C-lobe resi
dues have exhibited higher fluctuation than the N-lobe, in 
specific, the loop segment of the C-lobe, namely, Met485- 
Thr489 (� 0.76 − 1.24 nm) has shown higher fluctuations. 
However, amongst the complexes, the higher fluctuations 
were observed in LIMK2-ZINC952869440 (� 1.24 nm), while 
minimal fluctuations were observed in complexes LIMK2- 
ZINC1044382792 and LIMK2- ZINC490621334. In the distance 
analysis of the inhibitor(s) with LIMK2 (Figure 7c), it was 
inferred that except for inhibitor ZINC952869440 with a 
higher deviation of � 0.6 nm at �100-150 ns, the other inhib
itors were found to maintain stable distance with the LIMK2 
(�0.1-0.4 nm), which infers that the LIMK2-ZINC952869440 

Figure 5. Schematic 2D interactions of the LIMK2 protein with the top ranked ZINC database compounds (a) compound ZINC1044382792, (b) compound 
ZINC1433610865, (c) compound ZINC1044109145, (d) compound ZINC952869440, (e) compound ZINC490621334.

Table 5. Density Functional Theory Analysis of top ranked compounds with 
the occupancy of HOMO and LUMO profiles and gap (HLG eV).

S. No. Compound ID HOMO (eV) LUMO (eV) HLG (eV)

1. TH300 –0.2567 –0.1744 –0.0823
2. ZINC1044382792 –0.2174 –0.0439 –0.1735
3. ZINC1433610865 –0.2545 –0.0234 –0.2311
4. ZINC1044109145 –0.2256 –0.0415 –0.1841
5. ZINC952869440 –0.2476 –0.0708 –0.1768
6. ZINC490621334 –0.2607 –0.0822 –0.1785
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complex might have lost the crucial interactions that aid in 
the stability of the complex. From the comparative inter- 
hydrogen bond analysis of the LIMK2-inhibitor complexes 
(Figure 7d), it was observed that amongst the complexes 
only LIMK2-ZINC1433610865 had maintained nearly � 5 H- 
bonds, followed by LIMK2- ZINC1044382792 complex with �
4 H-bonds throughout the MD production run, while other 
complexes have maintained only � 2-3 H-bonds to stabilize 
the complexes.

Essential dynamics analysis

The interaction analysis of LIMK2-ZINC1044382792 complex 
near-native conformation extracted at 124.28th ns (Figure 8), 

reveals the residues Phe342, Glu406, and Ile408 to form 
interactions through hydrogen bonds, significantly contribu
ting to the overall stability of the complex. Moreover, a 
strong affinity for complex formation was observed due to 
the presence of hydrophobic residues, specifically Leu337, 
Phe342, Ala345, Val358, Met359, Leu389, Phe391, Leu403, 
Leu404, Tyr407, Leu458, Phe470, and Leu472. Whereas the 
LIMK2-ZINC1433610865 complex extracted at 89.93rd ns, as 
depicted in Figure 9, displayed a high population and a 
strong hydrogen bond was observed to form with the resi
dues Leu389, Val467, Asp469, and Arg474. Furthermore, an 
additional observation was made regarding this complex, 
where certain hydrophobic residues played a significant role 
in increasing complex stability. Specifically, the residues 

Table 6. Contact map analysis of the inhibitors with LIMK2.

Residue No Residue Name TH300 ZINC 1044382792 ZINC 1433610865 ZINC 1044108145 ZINC 952869440 ZINC 490621334

b1 337 LEU 2.6 100 0.6 8.6 99.7 99
g.l 339 LYS 0 0 0 0 4.7 0

340 GLY 0 0 0 0 5.7 0
341 PHE 2.9 54.5 0 9.3 39.4 10.4
342 PHE 98.8 99.6 0.1 8.7 93 74
343 GLY 0.1 93.1 0 0.3 30.3 46.4

b2 344 GLN 0.5 82.3 5 0.6 28.2 18.2
345 ALA 99.8 100 95.5 3.8 98.9 99.2
346 ILE 92.8 33 4.4 0 11.8 1.4

b3 357 MET 0 1.7 0 0 12.5 0
358 VAL 99.9 100 98.2 9 100 100
359 MET 97.8 99.5 95.2 0.2 98.1 71.7
360 LYS 100 100 99.9 97.1 100 100
361 GLU 99.8 0.1 0 83.5 1.2 46.3
362 LEU 100 0 65.2 73.8 9.9 41

aC 373 PHE 1 0.7 6.7 37.3 4.9 3.1
376 GLU 2 0 0.5 0 1.8 0.1
377 VAL 0 0 3.3 2.6 1 0
379 VAL 98 0 23 0 0 20.3
380 MET 100 2.5 100 95.7 5 99.7
381 ARG 0.1 0 38.9 0 0 9.3

b.l 383 LEU 100 0.7 100 96 0 55.1
387 ASN 0.2 0 4.1 4.1 0 0
388 VAL 100 1.1 100 100 0 52.7
389 LEU 100 100 100 100 97.3 99.4
390 LYS 3.4 1.2 93.6 96.8 2.9 26.7

b4 391 PHE 100 94.4 100 100 82.8 99.8
392 ILE 0.5 14.9 23 14.2 1.4 0.4
393 GLY 0 6.8 9.4 0.3 0.8 0
394 VAL 0 0.1 0.2 1.2 0.1 0

b5 402 ASN 96.6 0.5 0 0.2 1.2 11.9
403 LEU 100 99.7 100 100 98.7 100
404 LEU 97.5 95.4 98.8 56.1 88.3 46.9

GK 405 THR 100 100 100 100 100 100
Hinge 406 GLU 0.3 100 0.6 23.3 96.3 8.4

407 TYR 0.1 100 0 5.9 98.7 30.9
408 ILE 0.1 100 0 6.9 99.8 29.4

aE 441 TYR 0 0 6.8 0.1 0 4.6
442 LEU 100 0.2 100 100 0 43.9

b6 447 ILE 100 0 99.6 57.2 0 29.3
448 ILE 96.4 0 0 0.9 0 0.6

c.l 449 HSD 100 0 80.8 96.2 0 11.1
450 ARG 0.2 0 0 0 0 0
451 ASP 0.5 0 0 0 0 0
452 LEU 0.2 0 0 9.2 0 0
456 ASN 0.2 6.5 0 5.1 3 14.6

b7 458 LEU 1.2 100 0 15.6 98.2 75.9
b8 467 VAL 100 1.9 71.7 99.9 0.8 21
X 468 ALA 100 39.4 94.4 100 65.9 62.1
D 469 ASP 100 99.9 100 100 86.6 99.9
F 470 PHE 100 100 100 100 100 100
G 471 GLY 100 68.2 99.9 53.2 54.8 45.3
a.l 472 LEU 100 98.1 100 99.4 99.9 100

473 SER 1.9 0 96.5 0.8 0.1 3.7
474 ARG 100 48.5 100 82.2 38.9 52.3
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Ala345, Val358, Met359, Met380, Leu383, Val388, Leu389, 
Phe391, Leu442, Ile447, Ala468, Phe470, and Leu472 were 
found to contribute significantly to the overall stability of the 
complex. Similarly, the near-native conformation of the 
LIMK2-ZINC1044109145 complex (Figure 10) was obtained at 
103.52nd ns. It revealed the crucial hydrogen bond formation 
from the ligand to the residue Asp469 to aid the mainten
ance of structural stability. Moreover, the hydrophobic resi
dues: Phe341, Ala368, Met380, Leu383, Val388, Leu389, 
Phe391, Leu403, Thr405, Val467, Phe470, and Leu472 had 
significant interactions with the ligand to enhance the stabil
ity of the complex. The LIMK2-ZINC952869440 complex, 
extracted at 72nd ns represented in Figure 11, exhibited a 
near-native conformation. In this conformation, a hydrogen 
bond was observed to form with the active site residue 
Ile408. Additionally, it was noted that the hydrophobic resi
dues Leu337, Phe342, Ala345, Val358, Leu389, Leu403, 
Tyr407, Leu458, Ala468, Phe470, and Leu472 played a crucial 

role in enhancing the structural affinity of the complex with 
the compound. However, the LIMK2-ZINC490621334 complex 
(Figure 12) exhibited the near-native conformation at 98.65th 
ns with no major hydrogen bonded interactions. Also, it was 
observed that residues such as Leu337, Ala345, Val358, 
Met380, Leu383, Val388, Leu389, Phe391, Leu442, Leu403, 
Ile447, Ala468, Asp469, Phe470, Leu472, Arg474 were 
involved in hydrophobic interactions, while p- p stacking and 
p- cation interactions formed by Phe470 and Arg474 were 
enhancing the stability and binding affinity of the complex.

Comparative analysis of the LIMK2-inhibitor 
complexes with reference inhibitor

The comparative RMSD profiling of LIMK2-inhibitor com
plexes (Figure S8a, supplementary material) inferred that all 
complexes have the least RMS deviations than the LIMK2- 
TH300 complex, which had a higher RMS deviation of �

Figure 6. Density Functional Theory Analysis of top five compounds in complex with LIMK2 and its respective HOMO and LUMO profiles (a) HOMO and (b) LUMO 
of ZINC1044382792, (c) HOMO and (d) LUMO of ZINC1433610865, (e) HOMO and (f) LUMO of ZINC1044109145, (g) HOMO and (h) LUMO of ZINC952869440, (i) 
HOMO and (j) LUMO of ZINC490621334. The color representation in both orbitals, the blue color indicates positive and the red color indicates negative electron 
density of the compounds.
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Figure 7. Molecular dynamics simulation analysis of LIMK2-inhibitor complexes (a) Comparative RMSD plot (b) Comparative RMSF analysis (c) Comparative distance 
analysis of the ligand with LIMK2 active site (d) Comparative inter-hydrogen analysis.

Figure 8. (a) 2D contour free energy Landscape plot of LIMK2-ZINC1044382792 complex (b) Representative near-native conformation of LIMK2- ZINC1044382792 
complex obtained at 124.28th ns (c) 2D interaction analysis of near-native LIMK2- ZINC1044382792 complex.
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0.62 nm. Except for the LIMK2-ZINC952869440 and LIMK2- 
TH300 complexes, all the other complexes showed higher 
stability with the least RMS deviation. Moreover, the inter- 
hydrogen analysis (Figure S8b, supplementary material) also 
showed that amongst the complexes, only LIMK2- 
ZINC1433610865 and LIMK2-ZINC1044382792 complex were 
found to have maintained � 5 H-bonds and � 4 H-bonds 
throughout the MD production run than other complexes 
which maintained only � 3 H-bonds as that of LIMK2-TH300 
complex. On analyzing the H-bond occupancy of the inter
acting residues with ligands (Figure 13), it was observed that 
the residues Asp469 and Arg474, which highly aid in the sta
ble interaction of TH300 with LIMK2, have maintained only 
1% and 9.68% interactions throughout the MD production 

run. However, in other complexes, except for LIMK2- 
ZINC952869440 complex, the Asp 469 H-bond occupancy 
was observed in all complexes, in specific the higher occu
pancy of 12% was maintained by LIMK2-ZINC1433610865 
complex. In the case of Arg474 H-bond formation, only 
LIMK2-ZINC1433610865 and LIMK2-ZINC490621334 showed 
H-bond occupancy as 28% and 1%, respectively. Apart from 
these residues, the complexes have also been observed to 
have crucial H-bond (Main-side chain) interactions with con
served kinase domain residues, in specific the compound 
ZINC1044382792 has maintained H-bond occupancy of 
nearly 29.27% and 41.73% with the Glu406 (hinge) and 
Phe342 (Glycine rich loop) respectively. At the same time, 
compound ZINC1433610865 has maintained a prominent H- 

Figure 9. (a) 2D contour free energy Landscape plot of LIMK2-ZINC1433610865 complex (b) Representative near-native conformation of LIMK2- ZINC1433610865 
complex obtained at 89.93rd ns (c) 2D interaction analysis of near-native LIMK2- ZINC1433610865 complex.

Figure 10. (a) 2D contour free energy Landscape plot of LIMK2-ZINC1044109145 complex (b) Representative near-native conformation of LIMK2- ZINC1044109145 
complex obtained at 103.52nd ns (c) 2D interaction analysis of near-native LIMK2- ZINC1044109145 complex.
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bond with Leu389 (b.l) and Met380 (aC) with an occupancy 
of 35.55% and 6.33% respectively. Other than this, com
pounds ZINC952869440 and ZINC1044108145 have main
tained H-bond with hinge residue Ile408 (23.77%) and b3 
residue Glu361 (5.30%), respectively.

Apart from the H-bonds, the other non-bonded contacts 
formed by the inhibitors with LIMK2 (within cut-off of 6 Å) 
were analyzed, (Table 6) and it was observed that the crucial 
residues Asp469 and Arg474 of LIMK2 to have maintained 
100% contact with TH300 complex. In comparison with the 
TH300, except for ZINC952869440, with 86.6% contact with 
Asp469 (‘D’FG motif), the other compounds showed 99.9% to 

100% contact. On the other hand, Arg474 interactions were 
maintained at 100% in ZINC1433610865 as that of reference 
inhibitor TH300, while other compounds showed decreased 
contacts, specifically compound ZINC952869440, with the 
least contact of 38.9%. Except for ZINC1433610865 and 
ZINC1044108145, the glycine-rich loop (g.l loop) residues 
Phe342 were maintained in all other compounds. In the case 
of conserved b-sheet residues, the b5 residues that aid in 
hydrophobic interactions with the inhibitors have maintained 
greater contact in all compounds. However, the compound 
ZINC1044108145 has not maintained stable contact with b2, 
b3, and b6 residues as that of other inhibitors. The conserved 

Figure 11. (a) 2D contour free energy Landscape plot of LIMK2-ZINC952869440 complex (b) Representative near-native conformation of LIMK2- ZINC952869440 
complex obtained at 72nd ns (c) 2D interaction analysis of near-native LIMK2- ZINC952869440 complex.

Figure 12. (a) 2D contour free energy Landscape plot of LIMK2- ZINC490621334 complex (b) Representative near-native conformation of LIMK2-ZINC490621334 
complex obtained at 98.65th ns (c) 2D interaction analysis of near-native LIMK2-ZINC490621334 complex.
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hinge region residues have made prominent contacts only 
with compounds ZINC1044108145 and ZINC952869440. The 
crucial aC residue Met380 which has formed hydrophobic 
interactions with reference inhibitor TH300 was observed to 
have maintained higher contacts with ZINC1433610865, 
ZINC1044108145, and ZINC490621334.

MM/PBSA-based binding free energy calculation 
and decomposition analysis

From the binding free energies of the complexes (Table 7), it 
was observed that van der Waals energy and electrostatic 
energy have significantly favored the higher binding affinity 
of reference compound TH300. Amongst the prioritized com
pounds in complex with LIMK2, the LIMK2-ZINC143361086 
complex (–90.122 ± 1.248 kJ/mol) followed by complex 
LIMK2-ZINC1044382792 (–83.491 ± 1.230 kJ/mol) has shown 
least binding energy with higher affinity than other com
pounds. Despite the increased non-bonded interactions such 
as van der Waals energy and electrostatic energy, due to the 
highly unfavoured solvation energies, the complexes LIMK2- 
ZINC1044109145, LIMK2-ZINC952869440, and LIMK2- 

ZINC490621334 has shown least binding affinity. 
Furthermore, the key residue that aids in the prominent 
binding affinity of the LIMK2 and inhibitors was observed 
from the per residue free energy analysis (Figure 14). In the 
case of the N-lobe residues, the following residues, namely, 
Leu337 (b1), Phe342 (g.l), Ala345 (b2), Val358, Met359, 
Leu362 (b3), Glu376, Met380 (aC), b.l (Leu383, Val388, 
Leu389, Lys390) and Phe391 (b4) have shown highly favor
able interactions with the compounds. Among these resi
dues, Glu376 (aC) and Val388 (b.l) of LIMK2 have shown 
unfavorable interactions with compounds ZINC1044109145 
and ZINC1433610865 respectively. Additionally, it was also 
observed that among the conserved b sheet of LIMK2 N-lobe 
residues, except for Leu362 (b3) and Phe391 (b4), the other 
residues, namely Leu337 (b1), Ala345 (b2), Val358, Met359 
(b3), have contributed significantly for the higher binding 
affinity of the compound ZINC1044382792 to LIMK2. Other 
than this, the crucial aC (Met380) and b.l (Leu383, Val388) 
residues have shown significant energy contributions in all 
complexes except for ZINC1044382792 and ZINC952869440. 
On analyzing the C-lobe residues, b5 (Leu403, Leu404), GK 
(Thr405), hinge (Tyr407), aE (Leu442), b6 (Ile447), XDFG 

Figure 13. Comparative H-bond occupancy analysis of the LIMK2-inhibitor complexes.

Table 7. MM/PBSA calculation identified the top five compounds and determined the decomposed components of their binding free energy in units of kJ/mol.

Complexes
van der Waals energy  

(kJ/mol)
Electrostatic energy  

(kJ/mol)
Polar solvation energy  

(kJ/mol)
SASA energy  

(kJ/mol)
Binding energy  

(kJ/mol)

LIMK2-TH300 −248.284 ± 1.208 −38.237 ± 1.211 198.277 ± 1.277 −24.642 ± 0.085 −112.886 ± 1.593
LIMK2-ZINC1044382792 −165.443 ± 0.899 −41.478 ± 0.788 140.135 ± 1.234 −16.778 ± 0.068 −83.491 ± 1.230
LIMK2-ZINC1433610865 −168.784 ± 1.347 −14.136 ± 1.075 109.727 ± 1.626 −16.917 ± 0.071 −90.122 ± 1.248
LIMK2-ZINC1044109145 −173.075 ± 1.076 −57.762 ± 1.515 185.245 ± 2.398 −16.755 ± 0.070 −62.264 ± 1.713
LIMK2-ZINC952869440 −172.271 ± 1.239 −95.152 ± 2.091 227.843 ± 1.680 −17.413 ± 0.083 −56.957 ± 1.421
LIMK2-ZINC490621334 −172.123 ± 0.990 −34.903 ± 1.223 163.907 ± 1.609 −16.752 ± 0.069 −59.871 ± 1.395
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(Ala468, Asp469, Phe470, Gly471), a.l (Leu472) and Arg474 
were observed to be the significant contributors for 
increased binding affinity of the compounds to LIMK2. In 
these DFG motif residues (Asp469, Phe470, Gly471), Leu472, 
and Arg474 were observed to be the prominent residues 
that aided in the strong binding affinity of the complexes. 
Amongst the complexes studied, only the LIMK2- 
ZINC490621334 complex with the GK residue (Thr405) has 
shown unfavorable energy contribution, while the hinge 
residue (Tyr407) has shown negligible energy contributions 
in LIMK2-TH300 complex and LIMK2-ZINC1433610865 
complex.

Conclusion

LIMK2 (LIM domain kinase 2) is a crucial serine/threonine pro
tein kinase involved in fundamental cellular processes, includ
ing cell motility, cell division, and actin cytoskeleton dynamics. 
Its overexpression has been implicated in various malignan
cies, such as bladder cancer, osteosarcoma, glioblastoma, pan
creatic cancer, lung cancer, and Triple Negative Breast cancer. 
Despite the promise of small molecule kinase inhibitors in 
cancer treatment, drug resistance remains a formidable obs
tacle, particularly with Type I inhibitors targeting the ATP- 
binding site, owing to limited selectivity and potential toxicity. 

Figure 14. Per-residue free energy contributions of complexes.
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To tackle these challenges, our study explores the potential of 
Type III or allosteric inhibitors, which bind outside the ATP- 
binding site, aiming to achieve more effective kinase inhib
ition and improved clinical outcomes in oncology. Our investi
gation focuses on small molecule inhibitors designed to 
mimic Type III inhibitors, employing computational methods, 
including e-Pharmacophore-based High-Throughput Virtual 
Screening (HTVS) and molecular dynamics simulations. 
Through rigorous screening of the ZINC database, we have 
identified several compounds, notably ZINC1044382792, 
ZINC1433610865, ZINC1044109145, ZINC952869440, and 
ZINC490621334, which exhibit enhanced pharmacokinetic 
properties. These compounds interact with critical residues of 
LIMK2, including Asp469 (part of the ‘DFG’ motif), Leu389 
(belonging to the activation loop), Phe391 (associated with 
b4), Thr405 (part of the G.K motif), and hinge residues 
(Glu406, Ile408), suggesting their potential as effective inhibi
tors. Comparative analysis of LIMK2-inhibitor complexes 
reveals that ZINC1044382792, ZINC1433610865, and 
ZINC490621334 exhibit remarkable stability with minimal fluc
tuations observed. Furthermore, the LIMK2-ZINC1433610865 
and LIMK2-ZINC1044382792 complexes maintain stable hydro
gen bond interactions, underscoring their favorable binding 
characteristics. Further investigation of binding free energies 
highlights that the LIMK2-ZINC1433610865 and LIMK2- 
ZINC1044382792 complexes possess the lowest binding ener
gies and highest affinities compared to other compounds. 
Consequently, ZINC1433610865 and ZINC1044109145 emerge 
as promising leads for targeting LIMK2 in pathological condi
tions, especially cancer. Overall, our study underscores the sig
nificance of understanding allosteric inhibition and its 
potential advantages in overcoming challenges associated 
with kinase inhibitors. This research paves the way for tar
geted therapeutics in the treatment of human diseases, not
ably cancer, offering hope for improved clinical outcomes.
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